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CHAPTER I 
INTRODUCTION 
1. General Introduction and Summary 
The investigated diatomic hydrides CH, NH, OH and SH are known to be free 
radicals. By a physicists definition radicals are characterized by the occu­
rence of unpaired electron(s), that give rise to a nonzero electronic angular 
and/or spin momentum. In other words : a radical is a molecule which does not 
have a Σ ground state. Due to the unpaired electron(s) radicals are highly re­
active and therefore chemically unstable ; they exist in low concentrations and 
have short lifetimes under normal conditions. The hydroxyl (OH) radical concen-
tration in air varies between 1.5x10 OH/cm3 in the early afternoon to below 
5x10 OH/cm3 at night, which is less than 2 parts per 10 in air (1). In the 
upper layers of the earth's atmosphere, in which the molecular density is low 
and collisions take place to a much less extent, the OH radical is an important 
intermediate in the chemical transformation and photodissociation of large or­
ganic molecules. Ozone destruction processes in the stratospheric layers, m 
which OH plays a role as a catalytic intermediate, were studied in a lidar ex­
periment from the space shuttle (2). Furthermore hydroxyl radicals are shown to 
account for both the production of CO from methane oxidation and for its removal 
via CO oxidation : the OH radicals control the delicate CO/CO balance in the 
atmosphere (3). 
The sulphur hydride radical SH is formed by UV-photodissociation of H-S. 
As such it is an intermediate in the atmospheric sulphur cycle, which is subject 
of intensive investigations at present, because of the hazardous environmental 
consequences of acid rain. 
Also in the very low density interstellar clouds and comets CH, NH and OH 
molecules are important constituents. The observation of the carbon hydride mo­
lecule in interstellar space (4) struck the astronomers community ; until then 
it was believed that matter in interstellar space occurs only in the form of at­
oms. The hydroxyl radical was the first molecule to be detected by radi­
o-astronomy. Microwave transitions between A-doublet states in the lowest 
rotational states in OH and CH were even detected in emission : the 1.6 GHz in­
terstellar OH maser is a famous example (5). At high temperature conditions, 
1 
such as in the sun and other stars, visible and UV emission bands of CH, NH and 
OH gave evidence for the presence of molecules in these regions 
On earth the diatomic hydrides, including SH were identified in flames and 
2 2 in discharges Characteristic is the blue emission at 430 nm from the Α Δ-Χ Π 
transition in CH (studied in Chapter VII), which appears in the combustion of 
earth gas (CH.) and all other hydrocarbons 
Although the existence of free radicals had long been suspected by chem­
ists, the proof of their occurence was given by the analysis of flame and dis­
charge spectra A band system at 336 nm was analyzed already in the nineteenth 
century and ascribed to the imine radical NH (6) With the improvement of pho­
tographic techniques and the development of higher resolution spectrometers 
throughout the years, the rotational structure and fine structure effects, such 
as the Л-doubling in Π states and the p-doubling in Σ states were analyzed in de­
tail for a wide variety of diatomic molecules (for a review see ref 7) The best 
high resolution studies of UV emission bands were performed by Dieke and Cross-
2 + 2 
white (8) and by Coxon (9) on the Α Σ -Χ Π transition m OH, by Gero (10) on the 
2 + 2 2 2 
С Σ -Χ Π transition as well as on the visible Α Δ-Χ Π transition in CH, by Dixon 
3 3 -
(11) on the Α Π-Χ Σ transition in NH and by Ramsay (12) and by Johns and Ramsay 
2 + 2 1 
(13) on the Α Σ -Χ Π transition in SH The transition at 324 nm between the с Π 
state and the metastable a Δ state m NH was rotationally resolved by three sep­
arate groups (14,15,16) fifty years before the present investigation at higher 
resolution All these spectroscopic studies were performed with linewidths of 
at least 3 GHz, determined by Doppler broadening in the discharge spectra and 
additional apparatus effects Nevertheless, the information of the extensively 
tabulated rotationally resolved spectral lines in the ultraviolet facilitated 
the present higher resolution studies 
The analysis of the hyperfme structure of electronic ground state radicals 
began with the by now classical work of Dousmanis et al (17), who measured 
A-doublet transitions in several rotational states of OH With the development 
of beam maser techniques the structure of diatomic molecules could be investi­
gated even with a much higher accuracy The first high resolution experiment on 
diatomic radicals in a molecular beam was performed by ter Meulen and Dymanus 
2 
(18), who obtained very accurate values for the four ІЦ.9, J
=3/2 ground state 
? 
maser transitions in OH Later the A-doubling and hyperfme structure of "Л 
ground states has been thouroughly investigated by Meerts and Dymanus for OH and 
SH and their deuterated species by the molecular beam electric resonance tech­
nique (19) 
2 
The invention of the laser has generated a revolution in spectroscopy. For 
spectroscopy of diatomic molecules lasers in the far-infrared (FIR) wavelength 
region, that match ground state rotational transition frequencies, and tunable 
UV lasers, that can induce electronic transitions are particularly interesting. 
Because continuously tunable FIR-lasers do not exist, spectroscopists developed 
two methods to tune a gas laser line to a molecular transition. In the Nijmegen 
laboratory the FIR output of HCN and H O lasers was mixed with microwave radi­
ation on a Schottky diode and the generated tunable sideband power was used for 
FIR-absorption spectroscopy. With this technique Van de Heuvel et al. (20) de-
3 -
termined the hyperfine structure in the Χ Σ ground state of NH. In the laser 
magnetic resonance (LMR) technique the molecular transition is tuned by a mag­
netic field to the FIR-laser line. By the LMR technique pure rotational transi­
tions were observed in CH by Hougen et al. (21) and by Evenson et al. (22) and in 
OH by Brown et al. (23). From our point of view infrared laser spectroscopy is 
not particularly interesting, because in the vibrational transitions observed 
in diatomic hydrides the resolution is not high enough to resolve the hyperfine 
structure. 
The advance of a tunable and narrow band UV laser opens the possibility of 
high resolution studies of diatomic radicals also in electronically excited 
states. Such a unique device was developed in the Nijmegen laboratory, first as 
an intracavity frequency doubled linear laser (24), later as an intracavity fre­
quency doubled ring dye laser (25) with a UV output power of 1 mW, tunable in the 
range 295-337 nm, with a linewidth of 0.5 MHz. In combination with molecular 
beam techniques spectra of several electronic transitions of the CH, NH, OH and 
SH radicals could be measured by the technique of laser induced fluorescence 
(LIF) detection. Where not limited by the lifetime of the excited states an ap­
paratus limited resolution of 10-15 MHz was obtained, that is determined by the 
residual Doppler width due to molecular beam divergence. As a result in this 
2 + 
thesis we report first observations of the hyperfine structure of the A I state 
3 1 1 
of SH (Chapter III), the Α Π state in NH (Chapter IV), a Δ and с Π singlet states 
2 + 
of NH (Chapter V), the С Σ state in CH (Chapter VI), and the very complicated 
17 2 + 2 
hyperfine structure of the OH isotope in the Α Σ -Χ Π transition (Chapter IX). 
Moreover interesting fine structure effects were studied. Very small 
Л-doublet splittings were observed for the first time : the Л-doubling in the 
metastable a Δ state of NH was determined very accurately (Chapter IV), while 
2 
some estimates could be given for the A-doubling in the Α Δ state of CH (Chapter 
VII). 
3 
By excitation with a blue dye laser a hyperfine perturbation (Chapter VII) 
2 
in the Α Δ state of CH was observed. Although this kind of Fermi resonance be­
tween spin multiplets in a diatomic molecule could of course be explained com­
pletely within the framework of quantum mechanical perturbation theory, for a 
spectroscopist it remains an exciting effect. 
The resolution of these molecular beam LIF experiments is so high that the 
accuracy of the hyperfine parameters determined for the ground states is compa­
rable to the accuracies obtained in FIR and LMR measurements, although the fre­
quencies of the UV transitions are a factor 1000 higher. The errors for example 
3 -
in the obtained b and с hyperfine parameters in the X £ state of NH are of the 
same order of magnitude in FIR (20) and the present UV experiments (Chapter IV). 
Nevertheless we further tried to reduce the linewidths in two different 
ways in order to improve the accuracy in the molecular parameters. For the very 
strong transitions of OH, the LIF signals of which could be measured with a 
signal-to-noise ratio of 10 , we showed that via a "hole burning" technique the 
linewidth can be reduced to 4 MHz (Chapter II). Furthermore in a UV-microwave 
double resonance experiment we were able to measure magnetic dipole allowed mi­
crowave transitions between electronically excited p-doublet states in OH 
2 + ( A I ) with an accuracy of 0.08 MHz, which is again a factor 100 better than in 
previous LIF experiments (26). 
High resolution spectroscopy on electronically excited states of diatomic 
molecules is a relatively new field. The hyperfine structures of most excited 
states, investigated in this thesis were hitherto unknown. For OH the hyper-
2 + fine structure in the Α Σ state was investigated by the molecular beam LIF 
method in the Nijmegen group (24,26) and by quantum beat spectroscopy (27). Al­
so the excited state of the deuterated analogue OD was thoroughly investigated 
by level crossing measurements in Stark fields (28,29). The hyperfine structure 
2 
of the Α Δ state of CH was already determined by laser spectroscopy (30), howev­
er without observing the hyperfine perturbation. 
The combination of the narrow band laser with collimated beams of diatomic 
radicals also turned out to be a unique tool for the study of photon-molecule 
dynamics. It was known that some electronically excited states of the diatomic 
hydrides studied exhibit predissociation effects. While the pure radiative 
lifetimes of the excited states, related to the oscillator strengths of transi­
tions to these states, are all roughly 0.5 lis, the predissociation lifetimes 
differ over many orders of magnitude, from microseconds to picoseconds. That 
lifetime measurements in the nanosecond domain are difficult follows from the 
4 
fact that reported values for lifetimes of electronically excited states often 
differ over an order of magnitude 
Until now the excited states of diatomic hydrides have been studied in 
bulk Due to the large Doppler linewidths (~ 4 GHz) evidence of predibsociation 
effects can only be derived from extra line broadening, if the excited state 
lives shorter than a picosecond , the Heisenberg uncertainty relation namely 
connects the natural linewidth Δυ to the natural lifetime τ of a state via 
τ 
Δν =1/2πτ. All the information on lifetimes down to the nanosecond regime was 
therefore gathered by time resolved techniques, that are however not very accu­
rate below 10 ns With the aid of our high resolution molecular beam spectrome­
ter, having an apparatus limited linewidth of 12 MHz, we determined accurate 
rotationally dependent lifetimes in the domain 0.5-5 ns. The corresponding line 
broadening effects in the order of 70-200 MHz, of which the apparatus broadening 
has to be subtracted, give direct insight in the natural lifetime of the excited 
state Furthermore, the intensity distribution of the LIF signals from differ­
ent rotational or spin-doublet states, gives accurate information on relative 
predissociation rates, as will be shown in Chapters HIB and VI. By this method 
the rotational and fine structure state dependences in the lifetime of excited 
9 + ? + 
SH (Α Σ ) and CH (C"I ) radicals were obtained 
2 Hyperfine structure m diatomic molecules 
Even before the necessity for the interpretation of atomic and molecular 
spectra arose, Wolfgang Pauli (31) postulated that the nucleus has an angular 
momentum and an associated magnetic moment. As for any other quantum mechanical 
system, the angular momentum should be quantized with eigenvalues ¿nh. With the 
assumption of a nuclear spin in later years two important effects observed in 
spectroscopy could be explained. Intensity alternations or even dissappearing 
of lines m the rotational bands of homonuclear molecules are caused by nuclear 
spin statistics ; in this way Hund (32) explained the spectrum of molecular hy-
drogen and at the same time derived a value for the proton spin I =1/2 In the 
η 
same year Back and Goudsmit (33) observed for the first time splittings in the 
spectrum of atomic bismuth, which were ascribed to the effect of the nuclear 
spin. Later followed observation of the hyperfine structure in molecular hydro­
gen and its isotopes in the magnetic beam resonance spectrometer by Rabí et al 
(34). 
5 
In a classical picture the nucleus can be considered as a charge distrib­
ution, that may be in motion too ; this can be represented mathematically by an 
expansion in charge and current multipole moments, that interact with the elec­
tric and magnetic fields and their gradients in the molecule. In a quantum me­
chanical treatment (35) it can be shown that for nuclear spin 1=0, there is only 
an electric charge which gives rise to the coulomb force, for 1=1/2 there is a 
magnetic dipole moment, for 1=1 an additional electric quadrupole moment, etc. 
In normal molecules, with electrons only in closed shells, the major contrib­
ution to the hyperfine structure originates in the coupling between the nuclear 
electric quadrupole moment and the electric field gradient ; for the typical 
example of ammonia (NH.) this interaction produces splittings in the order of 1 
MHz. In the presently observed hyperfine spectra of the diatomic hydrides the 
nonzero orbital and/or spin momentum of the electrons in the radical couples 
with the nuclear magnetic moment. In the electronic ground state the resultant 
splittings are of the order of 50 MHz, while in the electronically excited 
states the splittings are ten times higher. For the molecules CH, OH and SH 
the proton spin I =1/2 gives rise to a hyperfine doubling of each rotational 
η 
fine structure state, due to the magnetic dipole hyperfine interaction. In the 
NH molecules the hyperfine structure is much more complicated because both nuc­
lei have a spin. As І
ы
=1 also electric quadrupole interactions are involved and 
each rotational state is split into a sextet. 
The first quantitative theories of the hyperfine interaction between nu­
clear moments and the electrons in an atom were given by Fermi (36) and Har-
greaves (37). A complete treatment of magnetic hyperfine structure in diatomic 
molecules was given by Frosch and Foley (38). Their effective hamiltonian for 
the hyperfine interaction in first order is : 
H. . = a I»L + b I»S + с I S + тхі [e *I S + e *Ι^5 J + Q»V hf z z i ' - - + + J ^ 
where L and S is the resultant electronic orbital and spin angular momentum, re­
spectively, and a, b, с and d are hyperfine constants called Frosch and Foley 
parameters. The operator e - connects states with ΔΑ=±2, where A is the pro­
jection of the electronic orbital angular momentum on the internuclear axis ; 
the last term is the electric quadrupole hyperfine interaction. In the follow­
ing chapters matrix elements in different electronic states are calculated for 
this hamiltonian ; diagonalisation of the resulting matrices then yields the hy­
perfine splittings in each rotational and fine structure state. The hyperfine 
6 
parameters, which are independent of angular momentum coupling and of rotational 
state, can be interpreted as expectation values of electron densities in a cer-
tain vibróme state (Chapter IV and references) 
3 3 -
In the analysis of the spectra of NH, for the triplet band Α Π *• Χ E as 
well as for the singlet transition с Π *• a Δ, also the influence of the electric 
quadrupole interaction (39) had to be taken into account for a correct analysis 
2 + 2 17 
In principle in the analysis of the Α Σ «- Χ Π transition in OH, which is ob­
served but not yet analyzed in detail, the magnetic octopole or even the elec­
tric hexadecapole interaction might play a role , this would be a new feature in 
laser spectroscopy 
3 Background and Relevance of the Subject 
High resolution laser spectroscopy on diatomic hydrides, the results of 
which are presented in this thesis, does not produce results with staightfor-
wardly foreseeable applications m technology or industry The outcome of the 
researches is for the moment predominantly of theoretical interest. 
From the spectroscopic data very accurate molecular parameters were de­
rived that describe the molecular structure into the (hyper)finest detail The 
hyperfine constants are important for a theoretical understanding of molecular 
structure and chemical bonding, because they can easily be interpreted in terms 
of averaged electron densities in the molecule Quantum chemists, who try to 
produce a complete mathematical description of molecular structure in their ab 
initio calculations, can use these hyperfine parameters as a check to their cal­
culations and to the chosen wave functions. In a publication of theoretically 
obtained hyperfine parameters Kristianson and Veseth (40) show how far ab initio 
calculation methods have developed , calculated and experimentally observed va­
lues for hyperfine constants in several electronic states of different diatomic 
molecules agree within a few percent The experimental determination of accu­
rate magnetic dipole and electric quadrupole hyperfine constants in four differ­
ent electronic states of the NH radical will certainly be a challenge for future 
calculations 
The lifetime measurements have theoretical as well as practical relevance. 
Knowledge of potential curve crossings follows from rotational and fine struc­
ture dependences in predissociation rates, and vice versa. For astrophysicists 
and for atmospheric physicists the rates of UV induced predissociation processes 
in diatomic hydrides play an important role in the models for the dynamical be-
7 
haviour of interstellar clouds and the upper layers of the atmosphere, respec-
tively. 
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CHAPTER II 
THE EXPERIMENTAL ARRANGEMENT 
1. Introduction 
High resolution spectroscopy on electronically excited states of diatomic 
free radicals has become feasible by the combination of a narrow band tunable 
light source with molecular beam techniques. The detected signal is the col-
lected fluorescence light that is isotropically emitted by molecules that have 
been excited by a UV laser tuned to an absorption resonance. The Doppler broad-
ening for a molecular emission line is, at UV wavelengths, about 4 GHz if the ve-
locity distribution of the molecules is thermal. In the molecular beam geometry 
the laser beam perpendicularly intersects the collimated molecular beam, re-
2 
suiting in a suppression of the Doppler broadening of more than a factor 10 . By 
varying the molecular beam divergence by an adjustable slit diaphragm we ob-
served residual Doppler widths from 60 MHz, for a full opening, down to 10 MHz 
for extreme collimation of the radical beam. This gain in resolution is accom-
panied by a drop in signal intensity. In Fig. 1 all the necessary equipment for 
molecular beam laser induced fluorescence (LIF) spectroscopy is drawn in a per-
spective view. The laser and other optical devices are installed in one temper-
ature stabilized room, while the molecular beam apparatus with its noisy and 
vibrating pumps is in a second room. 
Relevant details of the experimental procedures will be given in the fol-
lowing sections. Sections 2 and 3 deal with the production of diatomic hydrides 
and the detection ; Section 4 describes briefly some characteristics of the fre-
quency doubled ring dye laser. In section 5 aspects of the optical Doppler ef-
fect are discussed, including the possibility of further linewidth reduction by 
"hole burning". Section 6 is concerned with the problems of the determination 
and calibration of absolute and relative frequencies. Because this thesis con-
sists for a major part of published manuscripts many specific details are dealt 
with in other chapters. 
2. Production 
Because free radicals are chemically unstable, they have to be produced in 
front of the beam orifice of the molecular beam apparatus, that is differential-
10 
Ar*laser 
monochromator 
ring dye laser 
slaWizahon 
unit 
Fig. 1 : Perspective view of the experimental arrangement 
ly pumped by oil diffusion pumps. Behind the source the beam expands into a 2.5 
-4 
cm long buffer chamber, in which the pressure is kept below 5 χ 10 mbar by a 
3000 1/s diffusion pump ; through the slit diaphragm the beam enters into the 
radiation chamber, with a pressure below 10 mbar; the beam is finally caught 
in a third chamber pumped by a 8000 1/s pump. 
The radicals are produced in two different sources, in a gas flow reaction 
tube and in a coaxial microwave discharge. By the first method OH and SH is pro­
duced in fast exothermal reactions : 
Η + NO -» OH + NO 
Η + H S -* SH + H 
that take place just in front of a skimmer type or slit type source, in a gas re­
action flow tube, shown in Fig. 2. The atomic hydrogen is obtained from a 100 W 
electrodeless microwave discharge in H.0, operated in flow, at pressures between 
2 and 4 mbar in the discharge zone. The H atoms flow into the reaction zone 
through a 10 mm inner diameter pyrex tube, where the secondary gas enters via 
small holes (0.5 - 1 mm). The inlet pressure of the secondary gas for optimum 
signal depends on size and number of holes ; in the configurations used it was ~ 
10 mbar. The reaction zone is pumped in several stages ; Roots-pumps with a to-
3 
tal pump capacity of 500 m /h determine the flow speed of the reaction. In order 
3 
to increase the pump capacity and to avoid damage to the 50 m /h two-stage rota­
ry pump, the dirty NO. and H„S gases are trapped in a liquid nitrogen cooled 
trap. The pressure in the reaction zone, just before the beam orifice is 0.1 
Fig. 2 : Gas flow reaction tube 
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mbar. For further details about the H O discharge cavity, the production mech­
anism and the quenching of produced radicals we refer to the reports on OH and SH 
beam masers (1,2). During the experiments we found that OH molecules can also 
be produced in the same reaction tube by adding water vapour as a secondary gas. 
The reaction : 
H + н 2о •* OH + н 2 
is however less efficient (-10%) than the reaction mechanism involving N0 2. 
In a similar gas flow reaction tube we succeeded also in the production of 
the CH radical. From a microwave discharge in a mixture of H.O (2 mbar partial 
pressure) and 0 (5 mbar) atomic hydrogen and oxygen flow into the reaction 
zone, where they react in an unknown way with С H The amount of produced CH 
radicals is found to be highly dependent on the position of the inlet holes in 
the glass tube, which should be made as close as possible to the molecular beam 
orifice. In this reaction also OH radicals were observed. For further details 
we refer to Chapter VI. 
As a second radical source we used a coaxial microwave cavity, that is dis­
played in Fig. 1 of Chapter IV. In the chosen dimensions of the copper conduc­
tors and the connector for the microwave input coupling (100 W broadband at 2.45 
GHz), the microwave field at the end of the tube drives a discharge. The cavity 
is mounted in front of a boron nitride (BN) slit shaped molecular beam source. 
The BN material has the property that it is electrically insulating, so it does 
not disturb the discharge, and thermally conducting, so the heat produced is 
transported away. Because the coloured discharge flame points through the slit 
opening radicals can even be formed in the molecular beam expansion. However, a 
disadvantage of this production method is, that in the flame visible light and 
UV radiation is produced, which cannot completely be shielded off from the de­
tector. In Chapter IV we discuss extensively the operation of this source, in 
3 -
which large amounts of NH molecules are produced, in the Χ Σ ground electronic 
state and for about 15 % in the metastable a Δ state. The coaxial discharge 
source produces, if operated on water vapour, about 25-50 % of the amount of OH 
radicals compared to the highly efficient Η + N0 9 reaction source. Because the 
signal to noise ratio for OH is high enough for almost all spectroscopic pur­
poses, this cheap and clean production method was preferably used. As enriched 
N 0» is not available, the only possibility to obtain OH radicals from an en­
riched sample is this coaxial microwave discharge m the commercially available 
13 
20% enriched H 1 7 0 . 
Finally it should be stressed that it was not the aim of our researches to 
understand the reaction kinetics of all the reactions involved ; we leave this 
field to the chemists. We suppose that there might be even more efficient meth­
ods for production of CH radicals, but for the present spectroscopic purposes 
the amount of CH radicals was high enough to abandon further efforts. 
3. Detection 
At a distance of 15 cm from the source an optical system consisting of a 
concave mirror, two lenses and a diaphragm, is mounted vertically to the plane 
of the laser and molecular beam. The system is constructed in such a way that 
the intersection point of the crossing beams is projected onto the cathode of a 
photomultiplier tube (EMI, type 9635QA). For calibration purposes signals were 
detected with a photon counting system, but during the spectroscopic investi­
gations this was not available and the signals were detected analogously. For 
phase sensitive detection the molecular beam was chopped at 120 Hz. 
At a standard UV laser output power of 1 mW and a large (1 mm diameter) 
skimmer type source of the molecular beam we measured a signal of 10 counts/s 
on one hyperfine component of the P.. (6) transition of OH produced in the H + N0„ 
reaction. In Table 1 we give the parameters used in the derivation of the total 
amount of OH molecules in the beam. The value of 5% excitation efficiency at 1 
mW laser power was obtained in a double laser beam optical pumping experiment, 
described in Chapter VIII. We find that about 10 -10 OH molecules flow por 
second through the detection zone. 
For the calibration of the amount of OH molecules per steradian one has to 
consider the angular fraction that is detected when the laser frequency is set 
to the top of a spectral line. In section 5.2 is shown that the linewidth re­
duces to 4 MHz if the Doppler broadening, due to molecular beam divergence, is 
eliminated. This means that on the top of a spectral line only those molecules 
contribute to the LIF-signals that flow within an angle ΔΘ around the perpendic­
ular axis to the laser beam. According to Eq. (8) the full opening angle in the 
-3 
horizontal plane is Δθ= 1.2x10 rad, which corresponds to 0.18 mm at the posi­
tion of the optical detection system. A velocity component along the vertical 
axis does give rise neither to a Doppler shift nor to line broadening, so the 
size of the laser beam focus Q mm) determines the region of irradiated mole­
cules. We conclude that the LIF signal at the central frequency of a line is 
-5 2 
produced by molecules in a solid angle of dfi= 10 sr (0.18 mm at 15 cm distance 
from the beam source) and that we have 10 -10 OH molecules per second per 
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TABU; 1 : Parameters used for the estimation of the 
number of OH molecules in the beam. 
Standard laser power 1 mW 
Absolute detected signal on 10 counts/s 
one hyperfine component of Ρ (6) 
Quantum efficiency PMT 25% 
Collection efficiency optics 20% 
Transmission of lenses and 
quartz window of vacuum machine 40/„ 
and reflection of mirrors 
UV bandpass filter (UGH) 70% 
Relative population of one J=13/2 0.5% 
hyperfine state/ total amount OH 
Overall excitation efficiency 5?o 
at 1 mW laser power 
Number of OH molecules per second 10 -10 
passing the excitation zone 
Number of OH molecules per second 10 -10 
per steradian 
steradian in the molecular beam. The present value is somewhat lower than the 
value of 2x10 , determined in a beam-maser experiment (1), probably because of 
a smaller beam source diameter. 
By inserting several sets of diaphragms in the laser beam the stray light 
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background could be reduced to below 500 counts/s per mW laser radiation If 
the signals obey photon statistics the signal to noise ratio (SNR) is equal to 
SNR = G, I
 П
/Л7 Г "! (1) 
li signal background 
where G. is the gain in SNR that can be obtained by lock-in averaging. At an RC 
time constant of 1 s the gain factor of a good lock-in amplifier is 20 At the 
conditions described the optimal SNR was about 10 on the strongest line ob­
served, in agreement with Eq (1) From the above values also an estimate can be 
given for the detection limit in the present molecular beam set-up a 
non-predissociatmg diatomic molecule with an oscillator strengtn comparable to 
that of OH can be detected if the flow through the detection zone is at least 
10 -10 molecules per second 
4 The Frequency Doubled Ring Dye Laser 
The narrow band UV radiation was produced inside the cavity of a modified 
Spectra Physics (380D) stabilized ring dye laser, pumped by a Spectra Physics 
171D argon ion laser The method of intracavity frequency doubling by angle 
tuning of a LiIO crystal in the second focus of a ring laser was developed in 
the Nijmegen laboratory (4) In Fig 3 the laser with all the relevant optical 
devices for frequency selection are sketched in a perspective view The advan­
tages of a ring cavity with a four-mirror geometry over a linear laser are two­
fold the curvatures of the mirrors are chosen such that there is a second 
focus inside the cavity and it can be operated as a travelling wave laser 
In a laser two linearly polarized counter-propagating waves produce a 
standing-wave pattern By inserting a Faraday rotator and a quartz plate or λ/2 
plate, the polarisation of one wave is not effectively rotated by the combina­
tion of the two elements, while the gain per round-trip of the other wave is re­
duced below threshold because of rotation of polarisation For the resultant 
um-directional travelling wave there are no more regions of unused gain in the 
population inverted part of the dye jet Because of the elimination of this 
spatial hole burning (3) the full inversion contributes to the gam of the laser 
and other longitudinal modes are eliminated So in a ring laser high powers can 
be chanelled into a single cavity mode 
Laser action could be obtained m the overlapping wavelength regions 
580-625 nm and 610-678 nm by using solutions of Rhodamine 6G and DCM dyes as gain 
medium Two sets of coated mirrors, one for λ<650 nm and the other for λ>650 nm, 
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LF lyot filter 
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G galvo plates 
PE piëzo electric element 
ts view of the intracavity frequency doubled ring dye 1 
were available to cover the whole region. Several frequency selective optical 
elements were inserted in the cavity to suppress all the longitudinal modes but 
one ; the mode spacing in the ring is about 200 MHz. The combination of a single 
plate biréfringent Lyot-filter (see Fig. 3), with a free spectral range of 40 
nm, a thin glass plate étalon (FSR= 900 GHz) and a main or thick étalon (FSR= 75 
GHz) is selective enough to achieve this goal. The main étalon is temperature 
stabilized and electronically controlled by a servo loop : a 2 kHz modulation 
on the piezo crystal behind mirror M2 induces a small modulation on the output 
power, by means of which the étalon can be controlled to maintain single mode 
operation. 
Stabilization as well as scanning of the ring laser is effected by locking 
the frequency to the slope of a transmission fringe of an external passively 
stabilized interferometer with a FSR::500 MHz and a finesse of about three. 
Electronic feedback is controlled by the Spectra Physics 389 Stabilok system and 
coupled to the two galvo plates (Fig. 3), for the slow variations, and to the 
piezo electric crystal mount of M2 for the fast variations. A second "slave" 
interferometer (FSR=10 GHz) of the stabilization unit prevents the laser from 
hopping over a few 200 MHz mode spacings . Scanning of the frequency is produced 
by changing the optical pathlength of the stabilization interferometer by rotat-
ing an internal quartz plate ; the rotation angle is determined by an externally 
applied saw-tooth voltage. Via the stabilization electronics the resonance fre-
quency of the cavity follows the interferometer. In order to preserve single 
mode operation during a scan a feed forward and a control voltage is applied to 
the piezo crystal inside the étalon. Because the thin 900 GHz étalon is kept 
fixed and the FSR of the main étalon is only 75 GHz, the frequency might jump to 
the next transmission fringe of this main étalon during a long frequency scan. 
In future the 50 GHz (at the fundamental frequency) scan reach of the laser can 
be enlarged by an electronically controlled tuning of the thin étalon. 
The laser can be kept lasing on a single cavity mode for hours. The short 
term frequency jitter is about 0.2 MHz, while there is a long term drift of about 
10 MHz/hour, due to the residual temperature instability of the stabilization 
interferometer. 
In the secondary focus of the ring laser (beam waist of 50 um) a power den-
10 2 
sity of 10 W/m is achieved. The procedure of positioning and angle tuning of 
a LilO crystal in the auxiliary beam waist for the generation of coherent fre-
quency doubled radiation was described by Majewski (4), and will only be dis-
cussed shortly in section 4.1 of this chapter. The UV radiation is coupled out 
through the UV transmitting and red-reflecting mirror M3. In a tuning range 
295-338 nm a typical UV output power of 1 mW can be produced ; the bandwidth of 
the generated UV radiation is also doubled to about 0.5 MHz. 
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4.1 Second harmonie generation in a LilO crystal 
A general theory of non-linear optics, which describes the possibilities of 
generating sum and difference frequencies in media, was put forward by Bloember-
gen (5). Although the production of second and higher order harmonics of light 
is a general consequence of the nonlinear behaviour of the response to an ap­
plied electric field in all media, efficient generation of a sum frequency of 
light waves requires phase matching condition : 
Дк = k 3 - k, - kj = 0 (2) 
- > • - » • - » • 
where к is the wave vector of the generated wave and k, and Y.. are wave vectors 
of the original waves. This equation can be interpreted as the conservation of 
momentum in the particle picture of light. For the case of second harmonic gen­
eration (SHG) of collinear beams, the phase matching condition reduces to : 
η(2ω) = η(ω) (3) 
where п(ы)=к/ыс is the index of refraction at a certain frequency ω. This con­
dition can only be met in biréfringent crystals. In uniaxial media, having one 
optical axis, light is transmitted in two ways. A beam polarized perpendicular 
to the plane of the optical axis is transmitted as a so-called ordinary wave 
with a refractive index η which does not depend on direction. A light beam po­
larized in a plane of the optical axis is refracted as an extra-ordinary wave 
with a refractive index η ..(8) depending on the angle θ between the optical ax­
is and the к vector of the wave (6) : 
η .(S.ω") = η (ω)" («Ο/ί/η (u)sin"e + n~(u)cos θ (4) 
ext e ο ο e 
where η (ω) is the refractive index at 90 from the optical axis. For second 
e 
harmonic generation in LilO. the phase matching condition can be fulfilled with 
an ordinary fundamental wave and an extra-ordinary generated wave if : 
η (θ 2ω) = η (ω) (5) 
ext m о 
at a certain angle θ which can be derived from equations (4) and (5) : 
m 
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This proces where the ordinary wave interacts with itself is called type I phase 
matching (7). From a group theoretical approach Zernicke and Midwinter (7) 
showed that other possibilities for phase matching, for example the mixing of an 
ordinary wave with an extra-ordinary fundamental wave to an extra-ordinary sec­
ond harmonic does not yield a nonlinear polarisation in LiIO , which belongs to 
crystal class 6. As a consequence of type I phase matching the UV beam is polar­
ized vertical to the plane of the ring laser, perpendicular to the fundamental 
The crystal itself should be positioned under Brewster angle in order to reduce 
the losses of the intracavity power ; however the UV beam then partly reflects 
at the back surface of the crystal and a loss of 30% is induced 
Frequency dependences of refractive properties for LiI0„ were measured by 
several groups. Takizawa et al. (8) fitted their data to Sellmeier interpo­
lation functions for η (ω) and η (ω), which we used to calculate the phase 
e о 
matching angles Because these phase matching angles have not been presented in 
literature we plotted in Fig 4 θ as a function of the fundamental wavelength 
m 
in the region we applied SHG Due to self-absorption of UV-radiation (9) at 
wavelengths λ< 300 nm the LiIO, crystal cannot be used for SHG under 295 nm To 
the other side of the spectrum LiIO, can in principle be applied for SHG as far 
as the transmittance of the fundamental wave allows ; according to the results 
of Nash et. al. (10) there is a fast drop at 5 5 \im At longer wavelengths the 
2 
conversion efficiency decreases because of a l/λ dependence of the SHG power 
(7) and the additional decrease in θ 
m 
Crystals of class 6, to which LiIO., belongs, need to be angle tuned over 
only one angle θ to reach phase matching conditions for type I phase matching 
(7) The 1 mm thick crystals are cut such that they can be positioned with the 
surfaces at Brewster angle (61 ) relative to the intracavity laser beam, and the 
optical axis within a few degrees from the desired θ By rotating the crystal 
around an axis perpendicular to its surface (see Fig. 3) the exact phase match­
ing angle can then be found experimentally Such a rotation brings about only a 
small change in the angle θ between the optical axis and the wave vector. It is 
therefore impossible to use a crystal, cut for 0=50 , for SHG at 600 , we used 
three different crytals, cut for λ - 615, 650 and 672 nm, manufactured by 
opt 
Gsanger Optische Komponente GmbH, to cover the spectral region. Although the 
•ngle θ has to be tuned with an accuracy of 0 05 to reach phase matching, there 
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is no need for rotating the crystal during a single mode scan ; the drop in UV 
power in a 100 GHz continuous scan, due to phase mismatch is only 20°» 
The major advantage of the use of LiIO lies in its very high nonlinear 
conversion coefficient, which is an order of magnitude higher (11) than for a 
commonly used crystal as KDP. The fact that the refractive indices can not be 
temperature tuned to reach 90 or "non-critical" phase matching should not be 
envisaged as a disadvantage , it saves the trouble of accurate temperature sta­
bilization of the crystal A real problem originates in the simultaneous occur­
rence of birefringence and optical activity in LiIO Due to its birefringence 
the frequency doubling crystal acts as a second Lyot filter m the ring cavity. 
Furthermore, the optical activity causes the polarisation of the propagated wave 
to be rotated in LiIO , even in the 1 mm thin crystals The un-idirectional op­
eration, controlled by the Faraday rotator and the compensating element, and the 
wavelength selection by a Lyot filter both depend critically on the polarisation 
of the intracavity laser beam And of course, if the polarisation is not fully 
restored after one roundtrip in the cavity, there is a power drop 
So the tuning of the laser is a complicated procedure ; the exact wave­
length, unidirectional operation and optimum UV power depend on the tuning of 
all the elements mentioned above Although the replacement of the polarisation 
compensating quartz plate by a λ/2 plate, by means of which the polarisation can 
be changed continuously, is an improvemrnt, the tuning method remains one of 
trial and error. But until nou all the wavelengths wanted for spectroscopy in 
the region 295-338 nm could be produced by this method 
PHASE MATCHING ANGLE θ„ 
75* 
65* 
55' 
Fig. 4 Calculated phase 
matching angles 
for second harmonic 
generation in LiIO, 
600 620 640 660 6Θ0 
wavelength (nm) 
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5. The spectral linewidth 
The Doppler width of a spectral line originates in the fact that in an en­
semble of molecules with a velocity ditribution n(v) certain molecules have a 
velocity component in the direction of the wave vector к of the laser radiation, 
which causes that the molecules "see a shifted frequency. By averaging over 
the ensemble and assuming a Maxwell-Boltzman velocity distribution the Doppler 
effect produces a Gaussian absorption profile (3) with a full width at half max-
imum : 
Δν,, = ν (ν /с) ΐΑτΞ (7) 
D o p ' 
I/9 
where ν is the unshifted frequency, ν =(2kT/mì the most probable velocity 
and с the speed of light. At 300 nm this means a linewidth larger than 4 GHz for 
a molecule with ν ~ 750 m/s. 
Ρ 
In molecular beam laser spectroscopy with a laser perpendicularly inter­
secting the molecular beam the Doppler width reduces to : 
Δν_ = ν (ν /с) lÁñl sinQ (8) 
U o p 
with θ the full opening angle of the molecular beam ; in the experiment this an­
gle is determined by the diaphragm and the dimension of the source (see Figs. 1 
and 6). The molecular beam divergence in the horizontal plane of the beams is 
smaller for a slit type source, positioned with its aperture axis vertical, than 
for source openings with round apertures ; the flux of particles depends, only 
on the area of the opening. Because only the divergence in the plane of the la­
ser beam gives rise to Doppler broadening it is therefore advantageous to use a 
slit source configuration. The smallest spectral lines observed are 10 MHz 
wide, corresponding to θ~ 2.5 mrad. These lines were observed in a geometry 
with a slit source of 0.1 mm and the diaphragm (at 65 mm from the source) almost 
completely closed ; the calculated molecular beam divergence is then ~ 2 mrad. 
We carefully checked the line profile on a completely resolved hyperfme compo­
nent of a transition in OH ; indeed the profile is exactly Gaussian. 
Further opening of the adjustable slit diaphragm causes a broadening of the 
spectral line, but only till a certain extent, due to the spatial dependence of 
the optical detection efficiency. The spatial imaging dependence of the optical 
system was carefully measured by shifting the laser beam in the horizontal plane 
while keeping it perpendicular to the molecular beam ; a Gaussian distribution 
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was found with a full width of 4 5 mm in the horizontal plane around the focal 
point 
Besides the Doppler effect, due to molecular beam divergence, there are 
other mechanisms that cause broadening of the spectral linewidth The UV laser 
beam is focussed into the LIF point with a beam convergence of 0 8 mrad , this 
gives rise to an extra Doppler broadening of 3 MHz The molecules experience 
the radiation field during the finit time (1 3 vs) they cross the focussing cen­
tre , the transit time broadening is ~0 8 MHz The frequency jitter of the UV 
radiation is ~0 5 MHz 
5 1 Velocity distribution in the molecular beam 
The velocity distribution for the OH molecules produced in the most effi­
cient H+NO,, reaction has been determined from Doppler broadening and Doppler 
shifts The laser beam was split in two parts by a beam splitter , the beams 
4
 600 MHz' 
Fig 5 Observed (dots) and calculated (line) Doppler profile of the (ЗЛІ) 
transition in OH, measured with two laser beams intersecting the molec­
ular beam 
23 
were aligned such that one crossed the molecular beam perpendicularly and the 
other at an angle of 0.5 rad from the perpendicular axis. This method was devel­
oped by Bergmann et. al. (12). For this particular experiment the fluorescence 
signals were a/d converted and stored in an Apple II computer ; while scanning 
the UV laser a data point was taken every 0.1s. In this way the observed pro­
file (see Fig. 5) could be fitted to a calculated spectrum, by taking into ac­
count the overlapping hyperfine components and the exact geometrical conditions 
(13). We found that the velocity distribution can be described by a 
non-Maxwellian expression : 
n(v) ~ (v 2/a 4) e - { ( v - u ) / a ) 2 (9) 
with u= 400 ± 20 m/s, a translational temperature T= 364 ± 20 К and а=/2кТ. The 
most probable velocity is then ν = 830 ± 20 m/s and the spread in the velocity 
distribution Δν= 790 ± 20 m/s. 
5.2 Linewidth reduction by "hole burning" 
The line broadening, due to molecular beam divergence could be completely 
eliminated in another geometrical set-up (shown in Fig. 5). The perpendicular­
ly incident laser beam was directed via two mirrors to intersect the molecular 
beam at 3 cm upstream from the fluorescence centre. By optical pumping a cer­
tain angular fraction of molecules in a given state is partly transferred to 
other states : a hole is burned in the angular distribution in the molecular 
beam. If the secondary laser beam is aligned exactly antiparallel to the laser 
beam that crosses the detection zone a Lamb dip can be observed in the fluores­
cence spectrum. While scanning the laser frequency over the Doppler profile of 
the spectral line, a narrow dip appears in the intensity of the fluorescence, as 
shown in Fig. 7 for the Q. (1) transition of OH. The fact that the small dip in 
the 40 MHz Doppler profile is shifted 5 MHz from the top of the line is an indi­
cation that the laser beams are not exactly perpcndicalur to the molecular beam 
; there is a mismatch of 1 mrad. By modulating the optical pumping laser beam 
this fluorescence Lamb dip can be measured with a larger SNR against a flat zero 
level, as is also shown in Fig. 7. The observed linewidth of 4 MHz in this spec­
trum is mainly caused by the divergence of the UV-laser beam. In principle the 
laser beam divergence can be reduced and we expect that linewidths of about 1.5 
MHz could be obtained. 
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diaphragm >f= * 
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laser bea m 
Fig 6 Molecular beam geometry for t h e hole burning 
experiment in top view 
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Fig 7 Observed spectrum of the Q.il) transition in OH 
measured in the set up of Fig 6 , 
The upper curve shows the direct signal with the lamb dips, 
while the lower part shows the modulated signal 
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6 Frequency measurements and calibration 
In high resolution UV spectroscopy the remarkable situation is encountered 
that the accuracy in the determination of an observable is limited by the cali­
brated standard it has to be compared with As is shown above the linewidths in 
the spectra can be reduced to 10 MHz, and in principle the position of such a 
spectral line can be easily determined within 1/20 of the linewidth The tran-
9 
sition frequencies, at wavelengths of 300 nra, are in the frequency domain of 10 
MHz. Exact determination of the absolute frequency would therefore at least re­
quire a 9-digit calibrated wavelength meter, which exceeds the present achieve­
ments by a factor 10-100 As is shown by Bekooy (14) wavelength meters in the 
visible with an accuracy of 70 MHz can be constructed , higher accuracies are 
not easy to reach A comparable accuracy can by obtained by means of an inter­
ferometer measuring separations between the narrow spectral lines in a molecular 
beam and the absorption lines of the iodine molecule m a cell The latter fre­
quencies are tabulated (15) in the frequency region of the fundamental laser 
output of 14800-20000 cm" The line centers of these 1 5 GHz broad I lines can 
be determined with an accuracy of 30-60 MHz, depending on the line shape So the 
error in the measured transition frequencies in the UV is 60-120 MHz 
For many spectroscopic purposes, such as the determination of hyperfine or 
fine structure splittings, measurements of frequency separations between dif­
ferent spectral components give the only valuable information The relative 
frequency measurements were performed by simultaneously recording the spectrum 
and the transmission peaks of a stabilized interferometer The free spectral 
range (FSR) of the interferometer was calibrated in two ways A first cali­
bration was carried out by making several overlapping laser scans with a total 
range of 400 GHz in the visible, and by comparing the number of free spectral 
ranges with the frequency separations between I lines In a second more accu-
2 + 
rate method the 24 and 30 GHz spacing in the Α Σ , N=3 and 4 p-doublets of OH was 
compared with the directly measured frequency of the microwave transition be­
tween the same hyperfine components in a double resonance experiment (see Chap­
ter VIII) As a result we found a FSR of 299 41 ± 0 02 MHz in the visible 
The experimental error in the determination of the hyperfine splittings is 
however caused by the rather large drift (20 MHz/h) of the interferometer, due 
to long term temperature fluctuations By taking the standard deviations of a 
series of several scans, frequency up and down, as the experimental errors, the 
hyperfine splittings could be obtained with an accuracy of 2 0 MHz Even m the 
26 
observed energy splittings of the order of 50 GHz between p-doublet components 
2 + 1 
in Σ states, or Л-doublet components in the с Π state of NH, the errors due to 
calibration of the interferometer (4 MHz) are much smaller than the experimental 
errors (20 MHz). 
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CHAPTER U I A 
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In a molecular-beam laser-induced fluorescence expenment on SH, the hyperfine and spin-rotation structure in the 
Α
 2
ΣΙ'Γ2, υ - 0 state has been determined. From Imcwidth measurements, a rotationally dependent predissocution is shown 
to be present A natural lifetime of 3 2 ± 0.3 ns is obtained forW = 0 
1. Introduction 
Over the past few years, the SH radical has received 
increasing interest because of its intermediate role in 
reactions producing sulphur-con taming pollutants. 
From the combustion of fossil fuel, large amounts of 
sulphur escape mto the air, predominantly in the form 
of SO2 but also as H2S. In the upper layers of the 
earth's atmosphere, SH is produced by photodissocia-
tion of H2S In the interstellar medium, the SH radical 
has not been discovered yet despite the observed pres­
ence of H2S. No high-resolutton laser spectroscopy 
has been performed on SH due to its chemical instabil­
ity, predissociation in the excited Α ^Σί,-, state and 
the lack of a tunable single-frequency laser at the exci­
tation wavelength of 324 nm. 
The rotational and fine structure of the Χ Π ground 
and Α Σ{/2 excited electronic states has been deter­
mined by Ramsay [1] and by Johns and Ramsay [2] 
from the absorption spectrum produced by flash pho­
tolysis of II2S They observed strong predissociation 
effects on the A S j n , υ = 1 and 2 states The hyper­
fine structure of the Χ ^Π, υ = 0 ground state is well 
known from the molecular-beam electric-resonance 
measurements by Meerts and Dymanus [3]. 
In the present investigation, the hyperfine structure 
in the Α Σ1/2, ν - 0 state has been measured for the 
first time in a molecular-beam laser-induced fluores­
cence (LIF) experiment. We observed 18 hyperfine 
splittings in the upper and lower p-doublet states in 
the rotational states with N = 0-9. The p-doublet split­
tings were measured for N = 1—7. From these data, 
we derived the hyperfine and spin-rotation coupling 
constants and the effect of centrifugal distortion upon 
the spin-rotation coupling. 
From linewidth measurements, we discovered that 
the natural lifetime decreased significantly for higher 
rotational states, indicating an ./V-dependent predisso­
ciation in the Α Σ|/2> ν = 0 state. The natural lifetime 
turns out to be considerably smaller than the radiative 
lifetime found in fluorescence-decay measurements 
by Becker and Haaks [4]. 
2. Experimental 
The experimental apparatus is similar to the one 
used in OH experiments [5,6] A view of the molec­
ular-beam apparatus is given in fig. 1. The sulphur 
hydride radicals were produced in the reaction 
H + H 2 S - S H + H2. 
The atomic hydrogen obtained from a microwave dis­
charge in H2O was mixed with H2S gas m front of the 
molecular-beam source. The fraction of SH radicals in 
the beam was estimated by Meerts and Dymanus [3], 
using essentially the same apparatus, to be 0.5%. 
An adjustable slit diaphragm was installed 6.5 cm 
behind the beam source with an opening of 1.9 mm. 
The SH molecules were excited by a perpendicularly 
incident UV beam at a distance of 15 cm from the 
source. Via collecting optics, including a concave mir-
0 009-2614/83/0000-0000/$ 03 00 © 1983 North-Holland 1 
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UV laser beam 
Fig 1. View of the lascr-molecular-beam spectrometer. 
ror opposite to the detector, 10% of the emitted fluo­
rescence radiation was focused on a photomultiplier 
lube (EMI, 963 5QA). The molecular beam was chopped 
at 120 Hz so that phase-sensitive detection could be 
applied at time constants of 0 J—3 s. 
A stabilized single-frequency ring dye laser (Spectra 
Physics, modified model 380D) was used operating 
with DCM at 648 nm. The laser frequency was doubled 
in a 1 mm thick angle-tuned L1IO3 crystal (Gsanger 
GmbH), positioned mside the cavity under the Brewster 
angle in the second focus of the ring laser [7] A typi­
cal UV power of «2 mW was obtained at 3 W (all lines) 
pump power from an Ar+ laser. The UV hnewidth was 
«0.5 MHz rms. The frequency could be scanned con­
tinuously over more than 100 GHz During the scan, 
frequency markers were produced by a pressure and 
temperature stabilized interferometer. The free spec­
tral range (FSR) was calibrated in a UV -microwave 
double-resonance experiment on OH [8]. Herein, the 
p-doublet splittings in the A S J n s t a t e w e r e measured 
directly {or N = 3 and 4 with a microwave cavity in­
ducing magnetic dipole transitions between the hyper-
fine states of the upper and lower p-doublet state. The 
resulting value of the FSR is 299.41 ± 0.02 MHz. 
3. Measurements and interpretation 
The Α Σ ι/ι *- X "э/2 transitions investigated were 
P 1 (3/2) ,Q 1 (y)andQP 2 1 (y) for/ = 3/2to 15/2, 
R 1 ( 1 5 / 2 ) a n d R Q 2 1 ( 7 ) f o r y = 15/2 and 17/2,where 
J is the total angular momentum in the ground state. 
For/ = 17/2 and 19/2, the Q^./) and Q P 2 i ( ^ ) lines 
overlap wjth unknown lines, probably of S2. The 
signal-to-noise ratio was typically 1 0 0 а і Л С = 0 3 s 
for transitions to the lowW states, and decreased to 
=10 atÄC= 3 s for transitions to the highest states. 
For each J, the separation m frequency between the 
Ql(J) and QP2i(O transitions was covered in contin-
uous scans without mode hops of the laser. From this, 
the p-doublet and hyperfine splittings in the states 
mthN= 1-7 were obtained. The P i .R j and RQ2i 
transitions gave the hyperfine splittings of the N = 0, 
8 and 9 states 
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The measured hyperfine splittings are equal to 
either the sum of or the difference between the hyper-
fine splittings of the ground and excited states, depend-
ing on the sequence of the hyperfine levels in both 
states The hyperfine states in the X ^-¡ß, A-doublet 
states are separated by not more than 10 MHz [3], 
which cannot be resolved in the present experiment in 
the case of transitions to the same p-doublet hyperfine 
state So, for each pair of Qi(_J) and QP21( /) transi-
tions, only four spectral lines were observed of the 
seven possible Ah = 0, ± 1 hyperfine transitions from 
a ground J state to an excited Λ' state For the overlap 
of the unresolved hyperfine pairs, a small correction 
(<4 MHz) was applied as obtained from calculated in­
tensity ratios The values obtained for the Α Σ|/2 
hyperfine and p-doublet splittings are listed in tables 
1 and 2, respectively Each value is the result of at least 
six measurements The quoted error corresponds to 
one standard deviation 
The experimental results have been fitted to an ef­
fective hamiltonian for the Α Σ ^ states [5,6] 
H = BN2 + (y+ 7DN2)N-S + bI-S + cI2Sz 
The first term represents the rotational energy and the 
second the spin-rotation interaction including centnf-
Table 1 
Hyperfine spbttings (m MHz) m the Α 2 Σ Ϊ / 2 , ν = 0 states of 
SH and deviations from a least squares fit 
N 
0 
1 
1 
2 
2 
3 
3 
4 
4 
5 
5 
6 
6 
7 
7 
β 
8 
9 
J 
1/2 
1/2 
3/2 
3/2 
5/2 
5/2 
7/2 
7/2 
9/2 
9/2 
11/2 
11/2 
13/2 
13/2 
15/2 
15/2 
17/2 
17/2 
Observed splitting 
898 6(2 5) 
289 8(2 2) 
581 7(1 4) 
355 8(4 1) 
523 7(5 3) 
379 4(2 6) 
500 5(2 8) 
394 7(4 1) 
486 5(2 5) 
405 4(2 7) 
478 7(1 7) 
406 0(3 2) 
473 7(3 0) 
415 0(5 6) 
460 7(5 0) 
416 2(4 0) 
466 7(4 0) 
417 3(8 4) 
Obs - cale 
0 07 
-0 14 
0 30 
161 
- 1 2 2 
-0 12 
-0 39 
138 
105 
3 36 
- 0 36 
-2 05 
052 
2 56 
-8 16 
0 40 
1 13 
- 1 1 5 
30 
Table 2 
p-doublet splittings (in MHz) for SH in the Α ' ς ^ V - 0 
states and deviations from the values obtained in a least-squares 
fit The quantum numbers /j F¡ and У2 F2 refer to the up­
per and lower p-doublet states respectively 
N Ji F¡ J2 f 2 Observed splitting Obs - cale 
3/2 
3/2 
5/2 
5/2 
7/2 
7/2 
9/2 
9/2 
11/2 
11/2 
13/2 
13/2 
15/2 
15/2 
1 
2 
2 
3 
3 
4 
4 
5 
5 
6 
6 
7 
7 
8 
1/2 
1/2 
3/3 
3/2 
5/2 
5/2 
7/2 
7/2 
9/2 
9/2 
11/2 
11/2 
13/2 
13/2 
1 
0 
2 
1 
3 
2 
4 
3 
5 
4 
6 
5 
7 
6 
13977 2 (5 7) 
14273 2 (5 5) 
23593 5 (7 0 
23760 8 (5 3) 
331186(124) 
332386(138) 
42612 5 (7 8) 
42704 4 (7 8) 
52074 3(10 8) 
52146 7 (7 2) 
61490 5 (3 1) 
61560 6 (4 2) 
70882 9 (6 2) 
70937 9 (7 6) 
- 4 13 
041 
4 37 
0 94 
-1 04 
- 2 41 
170 
- 0 62 
5 36 
0 75 
- 2 75 
2 22 
231 
0 89 
ugal distortion The last two terms describe the hyper-
fine interaction between the spins of the electrons and 
the hydrogen nucleus The constans b, c, 7 and γ 0 were 
calculated by diagonalizmg the hamiltonian m sym­
metrized Hund's-case-(b) basis functions The values 
from a least-squares fit over all data are given m table 
3 The value for 7 (9.38 GHz) as reported by Ramsay 
[1] agrees roughly with our more accurate result In 
tables 1 and 2 the differences between calculated and 
observed frequencies are given, showing a good agree­
ment Only theN = 1,J = 15/2 hyperfine splitting 
gave too large a deviation 
The constant b +3C is proportional to <ψ2(0)), the 
density of the spin-contributing electrons at the hydro-
Table 3 
Hyperfine and p-doubbng constants (in MHz) for SH in the 
A 2£Í/2, ν - 0 state For comparison, the hyperfine constants 
in the ground state as obtained by Meerts and Dymanus [ 3 ] 
are given also 
b + зс 
с 
Ί 
TD 
Α »Σ,*« 
898 5 
510 
9506 7 
-0 870 
± 1 0 
± 2 7 
± 1 2 
ι *0014 
Χ
2
Π 
-52 63± 
32 44± 
0 07 
0 14 
3 
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gen nucleous, while с is a measure of the non-spheric-
ity of the electronic charge distribution. Both con­
stants are predominantly determined by the unpaired 
electrons. The electronic configuration of the ground 
Χ
 2
П of SH is(lso)2 (2so)2 (2ρσ)2 рртг)4 (35σ)2(3ρσ)2 
(3ρπ)3. The Зря Orbitals vanish on the intemucleai axis, 
but polarization of the σ Orbitals causes a non-zero value 
оН^
2(0)> [9]. In the excitation to the Α 2 Σ | , 2 state, 
a 3ρσ electron is promoted to a 3ρπ orbital As a con­
sequence, the hyperfine interaction of this state is 
caused mainly by an inner-shell 3ρσ electron having 
a non-vanishing charge distribution on the intemuclear 
axis, which may result in a much larger Fermi contact 
term. Indeed, when compared to the value for b + 3с 
m the ground state as obtamed by Meerts and Dymanus 
[3], the present result for the excited state is more 
than one order of magnitude larger. On the other hand, 
the с constant differs much less between the electronic 
ground and excited states as may be expected since the 
sphericity of the electron cloud will not change dras­
tically ш the 3ρσ -> 3ρπ excitation. 
There are no calculations available for the А Х щ 
state of SH, so the present results cannot be discussed 
quantitatively. The differences between the hyperfine 
constants in the electronic ground and excited states 
of SH are comparable with the analogous case of OH 
where,in the excitation to the Α Σ ^ state, a 2ρσ 
electron is promoted to a Ιρττ orbital. 
The linewidths (fwhm) Де t o t of the spectral lines 
of SH increased from 95 MHz for the low-JV states to 
200 MHz for N = 9, indicating the presence of predis-
sociation effects. The linewidths for transitions to the 
upper p-doublet states seemed persistently larger than 
for transitions to the lower p-doublet states. 
The line broadening Δν
τ
 due to the natural lifetime, 
including both a radiative and a predissociative decay, 
can be deduced from the formula [10] 
bs>T = Av t o t-(A!>D) 2/'Ді^ (2) 
valid for a lorentzian and a gaussian curve with line-
widths (fwhm) Δ ^ and Д с 0 , respectively. Because the 
SH molecules are produced in a chemical reaction, the 
translational velocity is poorly known. Therefore, it is 
not possible to calculate the Doppler contribution Δι>
π
, 
due to molecular-beam divergence, to the total line-
width . To determine the natural lifetime, we performed 
measurements on the Pj(3/2) transition in which the 
Doppler contribution was reduced to a value much 
smaller than Ді>
г
 by installing a source with a diameter 
of 0 5 mm and reducing the slit diaphragm to 0.2 mm. 
A minimum value of 54 MHz for the total linewidth 
was obtained. With the same geometry, a measurement 
on OH, where the linewidth is determmed only by 
Doppler broadenmg, yielded the much smaller value 
of 18 MHz. 
As a result, we estimate the line broadening due to 
the natural lifetime Ы>
т
 to be 50 ± 5 MHz for the W = 0 
state with a Doppler broadening Д р of 66 ± 5 MHz 
for the measurements with source opening 1 9 mm and 
a full diaphragm. For the other N states, the broaden­
mg Δκ
τ
 due to the natural lifetime is determined by 
subtracting this Doppler contribution from the total 
linewidth via eq. (2) The results are given m fig. 2 
Ramsay [1 ] and Johns and Ramsay [2] have ob­
served strong predissociation in the Α ^ ΐ , , . u = 1 and 
2 states and ascribed this to the interaction with a nearby 
1 — 2 + 
repulsive Σ state crossing the Α Σ ^  state This 
state dissociates into S(3P) + H( 2S)to which the ground 
state X 2 II and the repulsive states 4 Σ _ and 4 Π are 
correlated also From an ab initio potential calculation, 
Hirst and Guest [11] and Hirsch [12] have shown that 
Fig 2. The observed natural linewidths of the A I£Í/j, u " 0, 
N states The dots (·) refer to the upper p-doublet states, the 
crosses (X) lo the lower ones. 
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the 4 Σ ~ state crosses the А 2{д poter :ial around υ 
= 1, while the crossmg of the 2 Σ _ state is m the region 
of и = 3 So the observed predissociation might be at­
tributed to the interaction with the 4 Σ _ state, which 
is probably the main mechanism for the predissocia­
tion of OH [13] and OD [14] 
The change m both spin and symmetry can be pro­
duced by spin—orbit and spin-nuclear rotation cou­
pling However, we could not explain the observed N 
dependence from the matrix elements derived by 
Freed [15] for the coupling between a 2 Σ + and a 4 Σ -
state Differences between dissociation rates for upper 
and lower ρ doublet states have been observed also for 
OH and OD [13,14] and are ascribed to different 
overlap between the wavefunctions of the upper or lower 
ρ doublet state and the 4 Σ _ continuum states 
Another mechanism that can cause predissociation 
is the interaction between the Α Σ^ρ s t a t e and the 
Χ
 2
Π ground-state continuum This has been suggested 
by Durmaz and Murrell [16] for the weak predissocia­
tion in the Α Σ j/2, ν = 2 state of OH In the case of 
SH, all Α Σ J ƒ2, υ = 0 levels are in the ground-state 
contmuum However, their lifetime is considerably 
shorter (by a factor of 103) than the υ = 2 levels of 
OH For CH, Brzozowski et al [17] have shown that 
this type of interaction causes a weak predissociation 
of the Α 2 Δ states lying above the Χ 2Γ1 dissociation 
limit at a rate of 8 S X IO5 s~l, which is a factor of 
400 smaller than the SH predissociation rate 
The hnewidth of 50 ± 5 MHz for the N = 0 state 
corresponds to a natural hfetune of 3 2 ± 0 3 ns This 
value fits well within the upper limit (<10 ns) estimated 
by Tiee et al [18] for the collision-free fluorescence 
lifetime of the Α 2 Σ ^ 2 state of SH in LIF experiments 
with pulsed excitation The estimate of Tiee et al is, 
however, m sharp disagreement with the radiative life­
time of 550 ± 140 ns reported by Becker and Haaks 
[4] Such a long radiation hfetune would imply that 
more than 99% of the excited molecules dissociate, 
which in tum would have important consequences for 
the SH concentration m the upper atmosphere and in 
interstellar regions with high UV radiation densities 
Although the present measurements cannot exclude 
long radiative lifetimes, very high dissociation rates are 
rather improbable in view of the high fluorescence 
yields observed 
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Chapter HIB 
SPIN DOUBLET DEPENDENT PREDISSOCIATION OF SH (Α 2Σ +) 
1. Introduction 
In the past few years several lifetime measurements have been reported for 
2 + 
the predissociated Α Σ state of the SH radical. Although Becker and Haaks (1) 
were first to publish a value of τ= 550 ± 140 ns, three different groups agreed 
by independent measurements upon a much lower value. Tiee et al. (2) estimated 
2 + 
the lifetime τ for SH(A Σ ) between 0.5 and 2 ns, from extrapolated quenching 
ratios. Friedl et al. (3) found τ= 3 ± 2 ns by measuring in a cell time resolved 
fluorescence, induced by a 30 ns laser pulse ; they also estimated the radiative 
2 + lifetime of the Α Σ state, τ = B20 ± 240 ns, which is in good agreement with 
the value τ ,= 704 ns, obtained in an ab initio calculation by Senekowitsch et 
rad 
2 + 
al. (4). The most accurate value for the lifetime of the Α Σ , v=0, N=0 state 
was reported in our previous communication (5) : τ= 3.2 ± 0.3 ns. From a laser 
induced fluorescence (LIF) experiment in a molecular beam also a decrease in 
2 + lifetime for higher rotational states in Α Σ was observed, and there was some 
indication for a difference in predissociation between F (upper p-doublet) and 
F, (lower p-doublet) states. 
In the present paper we report further evidence for a p-doublet dependence 
2 + 2 
of the predissociation lifetime. From a re-examination of the Α Σ +• Χ Π spec­
tra, in particular of the relative line intensities between transitions to F 
1 
and F states, we find that F- states predissociate with a faster rate than the 
F_ states. Similar p-doublet dependences of predissociation lifetimes were al-
2 + 2 + 
ready observed for OH in the Α Σ , v=l and v=2 states (6) and for the С Σ state 
of CH (7). 
Although predissociation effects in diatomic hydrides have gained interest 
by experimentalists as well as by theorists, the exact mechanisms that cause the 
observed features are not yet well understood. In principle the rotational and 
fine structure dependences of the lifetimes can serve as an indication for the 
perturbing electronic state that causes predissociation. In this way for exam­
ple Gaydon and Kopp (8) were able to explain the predissociation dependence in 
2 + 
the lower vibrational states v=l and 2 of 0H(A Σ ) from a coupling with a cross-
4 -ing Σ state. In an analoguous manner Gustafsson et al. (9) could explain dif-
33 
3 3 3 ferences in predissociation between П., Π and П. states by using 
3 
calculations of matrix elements of a spin-orbit interaction between the Π state 
and a perturbing Σ state in the PH radical. In the present paper a qualitative 
description will be given for the observed fine structure and rotational depend-
2 + 
enees in the predissociation of the Α Σ state of SH, caused by an interaction 
4 -
with a repulsive Σ state. 
2 + 2 2. Relative intensities in the Α Σ '«-Χ Π spectra 
2 + 2 The Α Σ *• X Л, v=0, spectra of SH obtained by laser induced fluorescence 
in a high resolution molecular beam spectrometer (5) were reanalyzed with re­
spect to the relative line intensities of the Q (N) and Ρ (N)transitions. In 
these measurements the p-doublet splittings between the Q.(N) and P. (N) lines 
have been covered in continuous scans of a frequency doubled ring dye laser with 
an output power that could be kept constant over a scan of 100 GHz. Figure 1 
shows one of the recorded spectra of the p-doublet spectrum for the N=3 state. 
The Q (N) and Ρ . (N) transitions, in which the SH molecules are excited to 
2 
F. and F spin-doublet states, originate in the same | Π NJ±> ground state. 
2 
Because the SH molecule has a large A/B value in the Π ground state the satel­
lite branch P^-CN) is almost as strong as the main branch Q.(N) of the 
2 + 2 
Α Σ •• Χ Π transition. This is in sharp contrast to the case of the CH molecule 
2 + 2 
where the satellite branches vanish completely in the С Σ *• Χ Π transition and 
2 + therefore F„ p-doublet states in С Σ can only be probed by Q. transitions (7). 
"Ρτ,Ο) SH А
!
Г--Х
г
П 0,(3) 
2 + 2 0 
Fig . 1 : Observed LIF-spectrum of the Α Σ «- Χ Π, Q. (3) and ЧР (3) t r a n s i t i o n s 
in SH. 
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So, for SH we have the fortunate situation that F 1 and F, levels can be probed 
from the same rotational and fine structure ground state by very nearby lying UV 
transitions, within a laser scan at constant power. The observed relative 
fluorescence intensities from F and Τ states depend on the predissociation of 
both spin-doublet states and on the rotational factor in the transition moment 
matrix elements (Höhnl-London factors). In Fig. 2 the relative fluorescence in-
tensity for Q (N) and ^P (N) transitions is plotted as a function of N, for ro-
tational states N=1 to 5 and 7. As an intensity is understood the sum of the peak 
intensities of the two resolved hyperfine components. Because the hyperfine 
splittings in the Π,. , N states of SH are smaller than 7 MHz, the weaker hyper­
fine components are completely overlapped, within the resolution of the present 
experiment. The observed intensities consist for a small part of contributions 
from these components. 
Qi(N) 
0 1 2 3 t, 5 i 7 N 
Fig. 2 : Observed relative line intensities from LIF spectra of (^(N) and 
Qp (N) transitions ; the calculated relative intensity refers to the 
quotient of Hohnl-London factors. 
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For a quantative interpretation in terms of differences in lifetimes be­
tween F. and F„ states one has to consider that the spectral intensities are de­
tected by laser induced fluorescence with a laser that has a much smaller 
linewidth (Δν
τ
= 0.5 MHz) than the natural line broadening (Δν ~ 100 MHz). Un­ii τ 
der the condition Δν.« Δν the absorption of laser radiation at the peak of the 
spectral line depends on the natural lifetime τ of the excited state This ef­
fect originates in the fact that excitation to a short lived state is less prob­
able than excitation to a longer lived unpredissociated state In the appendix 
of ref. (7) we have shown that the excited state population is proportional to 
the lifetime τ, by solving rate equations in a three level scheme including a 
predissociation channel. In that analysis, however, the residual Doppler broad­
ening in the molecular beam experiment was neglected. As a consequence the sig­
nal contribution to the peak intensity of molecules in a direction 
non-perpendicular to the laser beam was not taken into account , because a 40 
MHz Doppler broadened fraction is under the Lorentz profile (~100 MHz) of the 
excited state, these molecules partly contribute to the LIF signals at the cen­
tral line frequency In an extended analysis (10), considering a Voigt profile, 
a τ dependence for absorption was found, where the exponent α depends on the 
relative values of Δν and the (residual) Doppler width Δν
η
 The value of α var-
2 + íes between 0 for Δν « Δν_ and 1 for Δν >> Δν,, Upon absorption the Α Σ ex-
τ D τ D r r 
cited state population relaxes into two channels . dissociation (into S and H 
atoms) and fluorescence for a part τ/τ ,. As a result the fluorescence inten-
raa 
o+l 
sity l-r-r-p is proportional to τ 
Relative line intensities can be measured with a high accuracy, and via the 
relation ITTl:.~ τ they provide a sensitive probe for differences in life-
time between F and F„ states The information on the absolute lifetime can be 
drawn from the linewidth measurements (5) From the previously reported values 
for Δν (Ν) and the presently obtained relative line intensities, we estimate 
2 + 
lifetimes for the Α Σ , F. and F„ states for various N states , the results are 
displayed in Fig. 3 
We find that the differences in lifetime between F. and F states, as ob­
tained from linewidth and intensity measurements are in agreement with each oth­
er. Both methods give evidence for a higher predissociation rate in the F 
states in 5Η(Α 2Σ +) 
36 
3. Discussion 
2 + 
A model for the predissociation in SH(A Σ ) should at least give an expla­
nation for three interesting observed features: the rotational dependence of 
the lifetime,, the difference in predissociation rates between F and F 0 states, 
and the striking difference between lifetimes of SH (5) and the deuterated spe­
cies SD (3), τ = 194 ± 20 ns. In our previous paper (5) we suggested that the 
2 + 
observed predissociation in the Α Σ state of SH might be caused by the lowest 
repulsive state, the t state, that according to ab initio calculations by 
9 4-
Hirst and Guest (11) crosses the Α Σ potential in the region of v' = l. In a re­
cent calculation by Senekowitsch et al. (4) the intersection was found at an in­
ternuclear distance of R= 3.1 au, even below the v ^ l state, on the outer limb of 
the potential curve. 
LIFETIME(ns) 
3.0 
U -
1.0 - ' ' , ' 
9 N 
.2,.+ Fig. 3 : Lifetimes of Α Σ , v=0, N states in SH ; the black circles refer to F 1 
states (upper p-doublet), the open circles to F. states (lower p-doub-
let). 
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An interaction between the Α Σ state and a perturbing Σ potential can be 
effected via a spin-rotation interaction (13), that allows predissociation only 
through a second order effect. This is consistent with the time scale of the 
predissociation: first order spin-orbit allowed predissociations exhibit rates 
of 10 -10 s , such as were observed in high vibrational states in OH and OD 
2 + 4 
for a crossing of a Α Σ state with а Π state (12), while other first order for-
6 9 -1 bidden predissociations have rates in the region 10-10 s , such as for the 
2 + 4 -
Α Σ , v=l and 2 states of OH that interact with a Σ state (6,8) 
In a general theory Freed (13) and Kovacs (14) have shown that interactions 
<A Σ |Η | Σ > yield nonzero matrix elements with selection rules UJ=0 and pan-
2 + ty 1' »1 Because of the selection rules each spin-doublet state in Α Σ inter-4 -
acts with two spin-quartet states belonging to Σ , as shown in Fig 4a. The 
matrix elements for the interaction between the F (J=N+l/2) and F„ (J=N-l/2) 
2 + 
spin-doublet states of Α Σ and the four spin-quartet states F. (J=N+3/2), F, 
(J=N+l/2), F 3 (J=N-l/2) and F 4 (J=N-3/2) of
 4
Σ" were used by Gaydon and Kopp (8) 
for their explanation for the predissociation differences between F. and F„ 
2 + 
states in OH, Α Σ , v= 1 and 2 : 
<
2
Σ
+
, F 1 | H s r | V , F ^ =|-/3(J-l/2)/2J 
<
2
Σ
+
, F 1 | H s r | V , F3> =-|./(J+3/2)/2J 
<
2
Σ
+
, F 2 | H s r | V , F2> = |-/(J-l/2)/2(J+l) 
<
2
Σ
+
, F 2 | H s r | V , F4> =-| /3(J+3/2)/2(J+l) (1) 
where с is a constant 
The predissociation lifetime is inversely proportional to the square of 
these matrix elements 
1 - Σ ,^ 2.+ ,,,,ιν.οΐ 2 (2) 
τ
ι
 J 
| < V , i l H | V , j > 
2 + 
where the summation is over all interacting states. So the F1 states in Α Σ are 
affected by the Fj and F 3 states of V , while the Α Σ , F 2 states are coupled 
with F and F, states in Σ , as displayed in Fig 4a 
The predissociation rate of a given state not only depends on the inter­
action matrix elements of the perturbing states, but also on the difference be­
tween the actual energy of the molecule and the potential curve intersection 
point (see Fig 4b) The curve crossing calculations (4,11) predict an inter-
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Α'ί'. Ν 
.* N4 
Ah' 
(α) (b) 
2 + 4 -
Fig. 4 : Crossing of Α Σ and Σ potentials in SH. 
(a) the dots refer to interactions with nonzero matrix elements 
(b) E is the energy of the molecule in the rotating state N and ΔΕ., is 
the quantum barrier that has to be tunnelled through for the transition 
from the bound state to the repulsive state. 
section point in the region of the the v'=l state, so well above the actual ener-
2 + 
gy of the rotating SH molecule in the Α Σ state, at least for the lower N states 
of v'=0 considered in the present analysis. The energy barrier ΔΕ
Ν
 drawn for 
different N values in Fig 4b., can be surpassed via a quantum mechanical tunnel-
2 + 4 -
ing effect, that makes a transition from Α Σ to Σ possible (15). The cou­
plings between F.-F and F_-F, that take place at 4BJ higher energy than the 
F -F and F -F_ couplings, give a smaller contribution to the predissociation 
rate, because of a larger energy barrier. As the squared matrix element of the 
F..-F interaction is a factor three larger than for the F -F. coupling we thus 
obtain the qualitative result : the predissociation of F states is stronger, as 
was observed. 
The matrix elements of Eq. (1) do not show a rotational dependence. As the 
potential barrier depends on the rotational state N, and on the other hand tun­
neling processes are very sensitive to the height of a barrier, this may as well 
serve as a qualitative explanation of the rotational dependence. Intuitively it 
is clear that N states closer to the intersection point of the potential curves 
predissociate stronger. It should be noted, however, that one has to consider 
2 + 4 -
the potential curves of Α Σ and Σ for each single N state as in Fig. 4b. In 
39 
this picture the height of the tunnelling barrier ΔΕ^ , will be smallest for the N 
value, which is closest to the intersection point. Up to this N state the pre­
dissociation rate will increase with N ; this increase is indeed observed for N 
< 9. 
Senekowitsch et. al. (4) pointed at the same tunneling mechanism for an ex­
planation for the different predissociation rates of the SH and SD radicals. 
Indeed small alteration of the potential barrier upon isotopie substition might 
2 + 4 -have large consequences for the Α Σ - Σ transition probability. 
4. Conclusion 
The observed spin-doublet dependence as well as other features in the pre-
2 + dissociation of the Α Σ , v=0 state of SH are explained in a qualitative way, 
4 - 2 + 
from an interaction with a Σ repulsive potential, that crosses the Α Σ state. 
4 -The influence of the repulsive Σ crossing potential upon the predissociation 
2 + is similar for the Α Σ' states of SH and OH, with the difference that for OH the 
processes take place in v=l and 2, and at a somewhat lower rate (6). Small 
changes in the potentials can have large effects on the predissociation rates ; 
for SH the rate is 100 times larger than for SD. Therefore an observable devi-
34 
ation is also expected also for the SH molecule. 
From the observed relative values for the total and radiative lifetimes 
(3) it follows that about 99.5% of the molecules will dissociate upon excita-
2 + tion of SH radicals to the Α Σ state. As a consequence the SH molecules, which 
play an important role in the atmospheric sulphur cycle, will be removed from 
the upper layers of the atmosphere. The large predissociation rate might also 
serve as an explanation for the fact that the SH radical has not yet, like OH, 
been detected in interstellar space, in spite of the presence of H„S, SO , SO 
and Η CS in these regions (16). 
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High-resolution laser spectroscopy on the А3П *— Х*Ъ~ transition of NH 
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In a molecular beam, laser induced fluorescence experiment rotational spectra of they'll ν=0«-Χ 1 Σ ν = 0 transilion 
of the NH free radical were measured at 336 nm with high resolution From more than 300 complete I ν resolved hyperfine lines 
the hyperfine structure of the Л1Π excited state and thcX'i ground state could be analyzed For the first lime the hyperfine 
coupling constants ά
Ν
 Η· ^N Η, cN Η, ^N Η eQq, and eQq^ in the П state were determined Also the nuclear quadnipole 
coupling constant eQq, in the X'i. ground state was obtained 
Une expérience de fluorescence induite par un laser a faisceau moleculaire a permis de mesurer a haute resolution le spectre 
rotationneide la transition A'II v = 0«-X 3 i ν = 0 du radical libre NH à336nm A partir de plus de 300 raies hyperfines 
complètement résolues, on a pu analyser la structure hyperfine de 1 etat П et de 1 etat fondamental X^X Les constantes 
de couplage hyperfin α
Ν
 н. Ьы и, CN Η, dN н, eQq, et eQq* dans 1 elat A'Il ont été determinces pour la première fois On a 
aussi obtenu la constante de couplage quadrupolaire nucléaire eQq, dans I etat fondamental X'i. 
[Traduit par le journal] 
tan J Phys 62 1174 ІІ9ІИ) 
1. Introduction 
A powerful, highly monochromatic and easily 
tunable laser system has been developed in our labora­
tory for the near ultraviolet (uv) (295-140 nm) range 
(1,2) In combination with molecular beam techniques, 
this system allows high resolution studies of the hyper 
fine structure of excited electronic states of free radi­
cals This structure originates from interactions of nu 
clear multipole moments with internal fields generated 
by electronic orbital and (or) spin angular momenta and 
by the electronic charge distribution in the radicals 
Typical hyperfine splittings in the excited states arc 
several hundred megahertz The system has been used 
recently to study the radicals OH (2) and SH (3) The 
present communication reports results of the in 
vestigation on the hyperfine structure of NH, which is 
more complex because of its triplet structure and the 
two contributing nuclear spins 
The NH emission spectrum at 336 nm is well known 
in astronomy and the earth s atmosphere Solar obser­
vations have been reported by Schadee (4) and obscr 
valions from many other stars have been reported by 
Schmitt (5) The appearance of Nil in the heads of 
comets was also established (6) Brewer et al (7) 
observed enhanced absorption in spectropholomctnc 
measurements on stratospheric ozone at 336 nm and 
concluded that there is an absorbing layer probably 
composed of NH in the 40-50 km region ot the strato 
sphere 
Spectroscopic studies of the NH radical have a long 
tradition More than ninety years ago bder (8) 
investigated the band system at 336 nm In the thirties, 
when higher resolution spectrometers were available to 
resolve the rotational structure, Funke (9) was first to 
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assign the main branches of the strong (0 0) and (I 1) 
bands of the A'll - X'i, transition In 1959 Dixon 
(10) reported new definitive measurements on the 
Α Π — X ' l system, including a determination of sat 
ellite branches due to the triplet structure and a cor 
rection for mistaken identification in Funke s mea 
surements In the same paper Dixon gave a complete 
fine structure analysis of the ground and excited state 
and obtained accurate rotational constants for both 
states The Λ doubling and spin—spin interaction in 
A'll could be described well with the theory given by 
Hcbb(ll) The weaker (0 1), (1 0) (1 2) and (2 I) 
bands of the A'll — X ' l system were measured by 
Mdhcet et al (12) 
Four more singlet states are known for NH the «'Δ 
b'ì. ι 'II, and d'i.' states fcmission spectra from the 
с ' Π - α ' Δ transition were obtained by Diekc and Blue 
(13) for the (0 0) band at 324 nm and many vears later 
emission spectra tor the (0 I ) band were obtained by 
Ramsay and Sarre (14) Another system identified as 
c 'n- f t 'V, at 450 nm was described by Lunt et al 
(15) Graham and Lew ( 16) gave a tuli analysis of the 
fine structure of several vibrational bands ol the 
d'l - t ' l landi/ 'V-fo ' i . systems GiUesetal (17) 
observed the ft'V-X1! singlet-triplet transition 
which makes it possible to give a complete energy level 
scheme for all singlet and triplet slates 
The advancement ot laser techniques opened a new 
era in high-resolution studies of NH Bemath and 
Amano (18) investigated the ν = 0 —» ν = 1 
rotation-vibration spectrum at 3 2 μπι in the electronic 
ground state by using laser radiation produced by frc 
quency mixing of two visible lasers The hyperfine 
structure in the X'i, , ν = 0 and ν = I levels was 
UBACHS ET AL 1375 
Fou honing ring 
© 
Source orifice 
(Olmm) 
FlG 
Coax connecfOn 
microwave power 
View of the N H source 
measured by Wayne and Radford (19) in a laser mag­
netic resonance experiment Improved hyperfme pa­
rameters for the ν = 0 level were obtained by Van den 
Heuvel et al (20) from an absorption measurement of 
tunable far infrared radiation, produced by mixing the 
output of an HCN laser with microwave radiation on a 
diode No laser spectroscopy on the excited A'H state 
has been reported yet 
In the present investigation, the hyperfine structure 
in the electronically excited Α'Π, ν = 0 state has 
been measured for the first time in a laser induced 
fluorescence (L1F) molecular beam experiment To 
our knowledge, it is the first complete determination 
of the hyperfine structure in a heleronuclear diatomic 
molecule with two nuclear magnetic moments in а 'Π 
state Hyperfine splitting of the electronically excited 
'Π,, ν = 0. J = 1 state of InH was observed in a 
classical spectroscopic investigation by Ncuhaus (21), 
but the hyperfine structure could not be analyzed in 
detail because of the low resolution and the complexity 
of the spectrum Chow Chiù (22) determined the hyper-
fine structure of the hydrogen molecule in the 
metastable c1!! state and Gammon et al (23) did the 
same for the metastable a1!! state of "CO 
We induced transitions between rotational levels of 
the Χ 'Σ , ν = 0 ground state and the three 'Π,, , ι, 
ν = 0 excited electronic states, more than 100 hyperfine 
splittings have been observed To analyze the data and 
deduce the hyperfine constants, we extended the theory 
of the hyperfine structure m а 'Π state, as given by 
Freed (24), to the case of two nuclear spins As for NH, 
А/В = - 2 146, the coupling of the angular momenta 
is really intermediate between Hund's cases (a) and (b) 
(25) The hyperfine matrix elements were calculated 
with symmetrued Hund's case (a) basis functions, and 
they depend strongly on the mixing coefficients for the 
3
П wave functions, which have to be determined by 
diagonahzmg the spin-rotation matrix for each J To 
obtain a complete descnption and a good fit of all data 
to the theoretical expressions, the spin-spin interaction 
and Л-doubling parameters as given by Dixon (10) 
were included in the spin-rotation matrix of the А'П 
state For the Χ 'Σ ground state, the hyperfine matrix 
elements were calculated with Hund's case (ft) wave 
functions From a least squares fit, we obtained the 
hyperfine constants for the NH radical in the notation 
of Frosch and Foley (26), α
Ν
 Η, ¿Ν H. CN Η. and dN H for 
both nuclei and eQq, and eQqi for the nitrogen nucleus 
in the Д'П state, for the X ' S " state we obtained values 
of fcN Η. 'N H>
 a
nd *0<7i The hyperfme constants give 
direct information about the electronic distribution in 
the NH molecule Although much theoretical work has 
been published about the electronic structure of NH 
(27), no ab initio calculations of the hyperfine constants 
have been reported except for a calculation of the 
Fermi-contact term (28) Thus, only a qualitative dis­
cussion of the obtained values will be given 
2. Experiment 
The NH radicals are produced in a microwave gas 
discharge in ammonia The design of the microwave 
cavity (Fig 1) is in principle the same as described by 
Brink et al (29) The dimensions of the two copper 
cylindrical conductors forming the coaxial cavity are 
such that a standing wave with a minimum at the short-
circuit ring and maxima at the input connector and the 
far end of the discharge cavity is possible As the wave­
length is 12 5 cm, the length of the cavity was chosen 
to equal 32 5 cm to fulfill these conditions The dis­
charge is sustained by about 100 W of broadband 
microwave power at 2 45 GHz trom a microwave gen­
erator A continuous flow of pure NH, gas is main­
tained through the air-cooled pyrex glass tube with an 
inner diameter of 7 mm The pink-red flame of the 
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ammonia discharge can be seen pointing 2 cm out of the 
cavity Optimum pressure for NH production is about 
6 Тогт (I Torr = 133 Pa) at the inlet and 0 05 Ton-
above the 500 m'/h Rootspump The NH source is 
mounted close to the beam orifice, which is a 
0 l-mm-wide and 2-mm-high boron mtnde slit The 
discharge flame points through the slit opening so that 
NH molecules can also be formed in the molecular 
beam 
The LIF focusing centre, where the excitation of the 
NH molecules takes place, is at a distance of 15 cm 
from the source An adjustable slit diaphragm was in­
stalled 6 5 cm behind the beam source By nanowing 
this slit to 0 25 mm, a residual Doppler width of 
13 MHz could be obtained for the spectral lines, suf­
ficiently small to resolve the hyperfme components of 
most transitions The broadening effect of the natural 
lifetime of the ΑΛΏ state (0 3 MHz), as measured by 
Smith el al (30), is negligible The molecular beam 
was chopped at 120 Hz for phase-sensitive detection of 
the LIF signal 
The UV radiation at λ = 336 nm was produced by 
doubling the laser frequency in a LiIOi crystal in a 
second focus inside a single-frequency ring dye laser 
system (1,2) The original laser system developed for 
the 295-330 nm tuning range has been modified to 
overcome the problem of polanzalion rotation by the 
LiIO, crystal at longer wavelengths, because both the 
wavelength tuning by the Lyot filter and the uni­
directional operation depend on the polarization of the 
light beam inside the cavity In the modified design, the 
quartz plate, which together with the Faraday rotator 
normally forms the unidirectional device of the ring 
laser, has been removed, its function was taken over by 
the optically active LiIO, crystal The optical activity in 
with ζι, = g &μΒμΝ where g, g*, μ
Β
, and μ
Ν
 are the g 
values for the free electron, the nucleus к, the Bohr 
magneton, and the nuclear magneton respectively The 
indices ι and к refer to electrons and nuclei respectively, 
r,t is the distance between electron ι and nucleus к, θ,* 
is the angle between r,t and the mtemuclear axis, and 
φ,ι is the azimuthal angle The first three terms of Hhl 
represent the interaction between the nuclear magnetic 
moments and the magnetic field produced by the elec­
tronic orbital and spin angular momentum at the place 
LiIOi is found to depend on the tuning of a second angle 
φ, which is not used in the angle tuning to reach phase-
matching conditions for the UV production This prop­
erty originates in the hexagonal symmetry of LiIOi, 
which makes it possible to reach phase matching condi­
tions by rotating only one angle ( 1 ) 
The UV output power was 0 5 mW at 5-W pump 
power m all lines from an Ar-ion laser The laser line 
width was 0 5 MHz, root-mean-square (rms) The spec­
tra were recorded relative to the markers of a pressure 
and temperature stabilized interferometer with a free 
spectral range of 299 41 ± 0 02 MHz 
3. Theory 
The Hamiltonian for the NH molecule in the 'Π 
electronic state may be written fonnally as 
[1] Η = H„ + H, + Hhr 
The nonrelativistic Hamiltonian Ho gives the electronic 
and vibrational energies, H
r
 is the fine structure 
Hamiltonian descnbmg the rotational structure, tnplet 
splitting, and Л-doubling, and HM is the hyperfme 
Hamiltonian containing the interactions with the 
nuclear spins and the quadrupole moment of the nitro­
gen nucleus For H
r
 the expression used is 
[2] Hr = ALS + B(J - L - S)2 + H„ 
Here L and S are the electronic-orbital angular momen­
tum and spin respectively, J is the total rotational angu­
lar momentum of the molecule, excluding the nuclear 
spins, and H„ represents the electronic spin-spin inter­
action The hypcrfine Hamiltonian, expressed in the 
single-electron operators Γ'" (f ) and their orbital ana­
logues Γ"' (/,), has the following form (24) 
of the nuclei, the third contnbution is the Fcrmi-contact 
term The last term is the interaction between the qua­
drupole moment Q of the nitrogen nucleus and the dec­
ine field gradient due to the hydrogen nucleus and the 
electrons Not included in H^ are the nuclear spin-
rotation and nuclear spin-spin interactions, which give 
contributions far below the expenmental accuracy 
The hyperfine Hamiltonian can be considered as a 
small perturbation on Hf, and consequently the hyper­
fme energies can be calculated using the eigenfunctions 
[3] Η „
Γ
= Σ и-іУТ*"им)Г1\и,)/г1
л
 + зо Σ ь ( 1 I 2 )ТІ;\<
І
,)Т,'\(І
І
) 
Sir 
χ с
,:>,4,<ыл,\ + γ Σ u-w^'Utìt^Mhir,,) + Σ (-i)'C(ß)7-'_2;(v,) 
ι к q io 
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TABLE I Matrix elements of H
r
 between the symmetrized 'Π,, states The constants α к 
ξ, and η are defined in the text, χ = J ( J + 1 ) 
'n; 
'n; 
'π,; 
'π; 
A + В(х - 3) 
+ N V - 2) 
-В 2(х - 2) 
- ξ η · ν < Γ - 2 ) / 2 
±hrVjr(jt - 2) 
'Π, 
-flV2U - 2) 
- ξ · η ν ( ί - 2)/2 
Bix+ Ι) + ί|ξΓ 
+(1 ± ΐΠΙηΓτ 
-(Ι ± Ι)'ξη'ν778 
41,, 
±|η | V Í U - 2 ) 
- a V I Î + ξη'χΛί 
- ( Ι ± Μ'ξ'ηνΤΤ» 
-Λ + в(г + Ι) Τ α 
- ( Ι ± Ι)Κ + | η | \ 
+ (1 ¿ Ι)τ |ξ | 
of H, These are obtained by diagonalizing the H
r
 matnx 
based on symmetrized Hund's case (a) functions, 
[4] >n;n]jMj) = ^(\MiiJMj) 
± | - Л - S - nJMj)) 
with Λ and Σ the projections of L and S on the inter-
nuclear axis, and Ω = Λ + Σ The case (α) wave-
functions can be split into an electronic and a rotational 
part, 
[5] \\lilJMj) = | Л 1 ) | Л Ш Л 
with 
OTT 
The symmetry of the wave functions [4] under a reflec­
tion σ, in a plane containing the intemuclear axis is 
[6] σ, rn^JMj) = ± ( - 1 ) Т П | ~
п | . Ш , > 
as discussed in Appendix A 
Using the phase convention for S, L, and J given by 
Edmonds (31), the matrix elements of H, are obtained 
as given in Table I Included in the matrix are the 
interactions with the X'i, and b'X* states which, 
according to Dixon (10), give the dominating con 
tnbutions to the A-doubling in the 'Π state The matnx 
elements of the interaction with X'i, are calculated in 
the way pointed out by Freed (24) The constants ξ and 
η are 
[7] 
ξ = (Λ = 1|(A + 2ß)L+ |A = 0>/ Е(П 1) 
η = (Λ = l |BL t |A = 0)/ Е(ПЛ) 
with £(Π, Σ) the separation between the Д'П and Χ'Σ 
stales In the pure precession approximation which 
Dixon found to be approximately true, he obtained the 
values ξη = 0 0012 cm ' and | η | 2 = 0 0159 cm ', 
while |ξ | 2 is very small because accidentally A is nearly 
equal to -2Д The ft'Σ ' state interacts only with TIJ 
via the spin orbit coupling and gives a constant negative 
shift к independent of J Also the spin-spin inter 
action gives a J independent splitting ±oi of the 'По 
state (I I) It turns out that |к t 2aj is almost equal to 
the A-doublct splitting in the 'По J - 0 state for which 
Dixon obtained a value of 2 63 cm ' 
For к we used the value of - 1 6 cm ' derived by 
Dixon with a rather large error of 0 3 cm ' which is, 
however, acceptable in view of the small influence of к 
on the eigenfunctions of H, Freed has also considered 
the interactions with other excited electronic states such 
as ' Л and ' Π which may also give a contribution to the 
Л-doublingof the'Π states However no experimental 
data for these interactions are available Some of the 
matrix elements given by Freed differ in sign with our 
expressions this is due to phase differences in the sym 
metnzed basis functions and the matrix elements of S 
Diagonalization of H, gives the eigenfunctions that are 
linear combinations of the symmetrized basis functions 
[8] 'ДЙ!··/) Σ Saf.mrii,,,,./) 
ο ι : 
With A = - 35 02 cm ' and В - 16 322 cm ' ( 10) the 
resulting values for the 5 coefficients are all of the same 
order of magnitude so we deal with a typical inter 
mediate coupling case 
The matrix elements of the hyperfine Hamiltoman [3] 
are calculated in the reduced electron density approxi 
mations of McWeeny (32) by applying the normalized 
spin and orbital density functions Ο ^ Σ , Σ \r) and 
0(.(Л,Л' |г) The basis wave functions are products of 
the functions Ι'Π',,ι,./) and the nuclear spin functions 
\l^Ftl,FMF) using the coupling scheme J t /, F ^ F , 
+ ¡2 = F with Λ = 1, the spin of the nitrogen nucleus 
!•> = 1/2, the proton spin, and F, the total molecular 
angular momentum The resulting expressions are diag­
onal in F 
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νΠ^ι,ρ,ι,ΓΐΗ^Π^ι,ρ; = F,I2F) = g^jj^F^xjcij) + bF¡xh(íi,j) + ^x^a.j) 
± d .X/n .y) ] + g2(J,Il,Fl,l2,F)[a2XAil,J)+ bMil,J) + ^c2X,(,n,J) ± dMil.J)] 
[9] +«,(7,/
ι
,Γ
ι
)[ί·ρ<?,Α·,(Ω,7) ± eQq2Xj(n,J)] 
< ,Я|?,|У/^і/2Г|Нь,| ,Д|;|У/1^і= (F, + l)l2F) = g^JJ^F^h.F^a.XAÜ.J) + bMÙ.J) 
+ y-2X,(Sl,J) ± d2X,,(Sl,J)] 
Here 
FAF, + 1) - 7 ( 7 + 1) - /,(/, + 1) 
g2(J,l„F„l2,F) 
g1(A/„/ r,) = 
27(7 + I) 
[ F I ( F I + l) + 7 ( 7 + I) - / , ( / , + I)] [F(F+ I) - ^ ( F , + ! ) - / , ( / , + I)] 
27(7 + I) 2F I(F I + 1) 
3Y(Y - 1) - 47(7 + !)/,(/, + I) 
g t ( J , l l . F l , l 2 , F ) = - [ 
(27 - 1)(27)(27 + 2)(27 + 3)(2/ l)(2/| - I) 
(7 + /, + F, + 2)(7 - /, + F, + I) 
(2F, + l)(2F l + 3) 
X ( - 7 + /, + F, + 1)(7 + /, - F, ) (F | + Λ + F + 2)(F| + /, - F + I) 
x (F, - /2 + F + l ) ( F - F, + Λ' ' " ' 
47(7 + IMF, + I) 
Χ.,(Ω,7) = S, 1 1 (7) 2 + 2 5 l l , ( 7 ) 2 
Χ
Λ
(Ω,7) = 2 5 l l 2 ( 7 ) 2 + V 2 A ' - 4 S I l l ( 7 ) 5 I l : ( 7 ) + V2XSit ,(7)5,, „(7) 
Χ,(Ω,7) = 4S ! , 2 (7) 2 - \/2X - 4Sn ,(7)5,, ,(7) - VlXS^ l ( 7 ) S l l u ( 7 ) 
XAil.J) = V2X51 1 Ü(7)S I ! I(7) 
ХДП,7) = 3 S ! 1 I ( 7 ) ! + 125 I 1 2(7) 2 - X 
Χ/Ω,7) =^SÜI(JY + 2VX(X - 2)5 ( 1 , (7)5 I !„(7) 
withX = 7(7 + Hand Y = / ,( / , + 1) + 7(7 + 1) - F . f F , + I). a t, ¿>t<, Q , and i/t are the magnetic hypcrfine 
coupling constants of Frosch and Foley (26), and q, and q2 are the quadrapole coupling constants related to the 
expectation values of electronic operators (33). 
J
 'a 
>Fí = | iTbD,(2 
_ 3 f 3 cos- бц - 1 ^ 
2
 •' ' ' и 
¿ fl і т Ь О , ( І Д / 0 ) 
   s
2
  .  ,
τ т
 , , . 
Ο = , ζ ι i D
s
(l,l/rlt) dr,, 
[ίο]
 2
 r
" 
3 Γ sin ц „ _ 
àk = ^ \ — — D , a , I - l ) / r l t ) d r u 
2 f 3 cos2 Θ|
Ν
 - 1 
li = Έ - ϊ 0 , ( Л , Л / г
т
) drIN 
f Sin2 Θ
Ι Ν 
q2 = - 3 J , - ^ Ο , ί Λ , - A / r , N ) drIN 
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with R the intemuclear distance Matrix elements with AJ Φ 0 and (or) ΔΩ Φ 0 are not taken into account since 
they are expected to give contributions estimated to be smaller than I MH? to the hyperfine energies 
For each 'Ilj*,, J state, the hyperfine matrix factors into two 1 x I matrices for F = J ± 3/2 and two 2 x 2 
matnees, one for F = J + 1/2 and one for F = J — 1/2 Diagonalization gives the hyperfine splittings and the 
eigenfunctions that are needed for the identification of the spectral components by their relative intensities 
The hyperfine splittings and eigenfunctions of the X 1 ! " ground electronic state of NH are calculated in Hund's 
case (b) representation using the coupling scheme N + S = J, J + I, = F,, F, + ¡
г
 = F Here N is the angular 
momentum of the nuclear end-over-end rotation The hyperfine Hamiltonian contains the same terms as given in 
[3] except for the/·/, interaction, while in the second term а попгего contribution is obtained only for 9 = 0 The 
following expressions for the matrix elements of Нм are obtained 
ΟΣ /vy/|F,/:F|Hhf|^-^/|F¡ =F1/2F) 
= giVJuF^br, + | c , ] + tf;(V,/„ Full, F)\bF, + !< , ] + gsiN.JJt.FtUQq, f or J = N 
Г 2 •/(•/ + 2)1 f 2 JU + 2)1 
= j f ,(y. l 1 .F.)[-* t l 7 + у, 2 J + | J + giUJuFuh.F)[-bF,J + ¿C l 2J+ | J 
[ Ч ] 
+ g^N.JJuF^eQq, 
Г 2 U + D U - Dl 
gl(J,IuFl)[bhU+ D - j c , 27ΤΊ J + giUJuFuh.F) 2J + 1 
2 (J + \){J - 1) 
3 
Г  •/  1)(У Dl 
[bF,U + 1) - y2- jjin J + SÁNJ.luF^eQq, 
<'Σ /VJ/.F.^FIHJ 3 ! JVy/.F; = (F, + !)/>/=•) = «ΛΛ/,,/Ί·/:.*·)^, + f ' : ] 
Γ 2 У(У + 2)1 
= ««(Λ/,,^,Λ,ί ) | - * f , J + f t , 2 J + I J 
= g4(y,/ l,F,,/2,/ r)[^,(y + 1) 
2 (•/+ 1)(У- I) 1 
З ^ 2J + 1 J 
(orJ = N- 1 
for 7 = /V + 1 
for У = Λί 
for У = /V - 1 
for У = Ν + I 
with 
gsiNUJuF,) 
[3Z(Z - 1) - 4У(У + l)Af(N + 1)] [3Y{Y - 1) - 4У(У + 1)/|(/, + 1)] 
2(2iV - l)(2N + 1)21,(21, - 1) (2У - 1)(2У)(2У + 2)(2У + 3) 
where Ζ = У (У + 1) + Ν(Ν + 1) - 2 The magnetic 
hyperfine coupling constants bFi and c l , and the quadra-
pole coupling constant q, have expressions analogous to 
the ones given in [10] for the 'Π slate Following Van 
den Henvel et al (20), only matrix elements of the type 
Δ У = 0, AN = 0 are considered 
4. Measurements and interpretation 
The rotational transitions investigated are Q^N) for 
N- I lo3,Ä l(N)rorN = 0and2to7, y Äp(3) , 0,(1), 
/?,0), βΑ,,<Λ0 for N = 1, 2, "ρ,,ΐΛΉοΓΝ = 4 to 6, 
ΰ
Κ(Ν)ίοτΝ= 1,2, <2
Λ
(Ν)ίοτΝ = 4 to 7, Я,(/ ) for 
N = I to 7, ρΡ12(Λί) for /V = 3 to 6, and /M3), N refere 
to the quantum number of the nuclear rotation in the 
ground state The Α'Π,,, ν = 0 < - Χ , Σ , v - 0 rota­
tional transitions were chosen from 27 possible 
(sub)branLhes (24) because they have splittings large 
enough to separate and identify the individual hyperfine 
components The studied branches are given in Fig 2, 
each for one arbitrary N As can be seen, transitions to 
both A-doublet states in each of the three 'II,, states, 
and from each of the three 'Σ fine structure states У = 
iV + l,J = N, and J = N — \ were induced The parity 
of the levels is given by Dixon, in the "Пи state, the 
Л-doublets are inverted for У' = 0 to 7 
In theory, each rotational spectrum consists of 
26 hyperfine components lor the Δ У = 0 branches and 
22 for the AJ - ±1 branches, except for transitions 
involving У = 0 or 1 The signal-to-noise ratio of the 
strongest hyperfine lines varied between 20 at RC = 
0 3 s in case of weakest rotational transitions and 100 
for the strong β,(Λί)- and Ä,(yv)-branches from the low-
est N states To give an impression of the typical rela-
tive intensities and resolution, a measured spectrum of 
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4 
1 
Fie 2 Scheme of the investigated (sub)branches, for 
every branch at ІеаЯ one transition is measured 
the Pi(3) transition is shown in Fig 3 A particular 
spectrum was obtained for the Ri(2) transition where 
several lines could not be assigned in first instance It 
was found that these belonged to the "Qvi I ) transition, 
which overlaps completely with the Ri(2) transition 
Dixon's rotational assignment (10) was found to be 
correct for all 36 investigated rotational transitions 
More than 300 hyperfine components were observed, 
and all of them could be assigned by a comparison with 
calculated splittings and relative intensities, starting 
with a trial set of hyperfine constants The observed 
hyperfine splittings (Appendix B) are measured relative 
to the strongest components, which for all cases is the 
transition F" = J" + 3/2 -* F' = J' + 3/2 The 
experimental error is taken as one standard deviation 
from at least four measurements of each line, rounded 
off to 0 5 MHz, with a minimum of 2 0 MHz for the 
strong components For the weaker components and the 
lines with small overlap, the experimental error was 
increased to a maximum of 6 0 MHz Out of all the 
measured lines, 2 % splittings without severe overlap 
were included in the input data set for the computer 
fitting program For reasons of convergente, the mag-
TABLE 2 Hyperfine constants for the АЧІ and Χ'Σ V = 0 
states of the NH molecule (in megahertz) The subscripts N 
and Η refer to the nitrogen and hydrogen nucleus 
I N 
bs 
CN 
dN 
bN + eN/l 
Û H 
frH 
CH 
dH 
frH + Сн/З 
'QQ· 
eQq2 
/ΓΠ 
89 6 ± 2 3 
153 6 + 0 4 
15 2 ± 2 6 
66 4 ± 0 4 
I58 7 ± 0 9 
74 1 ± 1 5 
270 8 + 0 6 
90 5 + 4 5 
26 0 ± 0 6 
301 0+1 6 
7 l ± l 5 
21 9 ± 2 4 
Χ'Σ 
41 7 + 0 5 
-66 3 ± 0 6 
19 6 + 0 4 
- 9 6 5 ± l 4 
90 6 i l 9 
- 6 6 3±1 2 
- 5 0 + 1 2 
netic hyperfine interaction constants were obtained as 
linear combinations a, a + b + с, b, and d for the Д ' П 
state and b + c/3 and t for the ΧλΧ state The re­
sulting values from the least squares fit for all hyperfine 
constants for ground and excited states are listed in 
Table 2 The agreement between the measured and cal­
culated splittings is very good (see Appendix B) Also, 
the relative intensities of the measured and calculated 
spectra arc in close agreement, as can be seen from 
Fig 3 for the PÌCÌ) transition A similar calculation 
using a rotational matrix without the Л-doubling and 
spin-spin interactions for the Д ' П state resulted in 
constants that agreed within the error limits as given in 
Table 2 The largest change by the exclusion of 
Л-doubling and spin—spin interaction was obtained for 
the a constants and turned out to be smaller than 3% 
The bf, Η and Í N н constants for the ground state are in 
good agreement with the values obtained by Van den 
Heuvel et al (20) In Fig 4 the hyperfine level struc­
ture, as calculated from the experimental constants, is 
shown as a function of the J quantum number for the six 
'Пц upper and lower Л-doublet states and the three X ' i . 
fine structure states The hyperfine levels with F = J ± 
3/2 are uniquely defined, forF = J± 1/2 there are two 
levels, because of (wo nuclear spins, these levels are 
indicated with an extra label 1 for upper and 2 for 
lower energy 
Unfortunately no complete ab mino calculations 
exist for the hyperfine structure of NH Some qual­
itative physical information can be deduced from the 
measured constants by interpreting them as expectation 
values of electron densities In the spectroscopic ap­
proximation (26), the formulas can be rewntten as aver­
aged electron densities (33), 
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Рз(3) 
Fio 3 Observed and calculated spectrum of the PU3) transition 
hi = |πζ
ί
(ψ , (0 4 )>„„ 
3 /3 cos : 8, - |\ 
U
 = M—7i—L 
2 /3 tos Θ|
Ν
 - 1 
Γ Ι Μ ' Τ 
91
 ^ я -
/sinMíiN . 
?2 = - 3 ( — ; — e -'< 
where the subscripts ir and σ refer to the open-shell π 
and σ electrons while Τ denotes contributions from all 
electrons In the expressions for </, and <Jk, the averages 
are taken between electron distributions with Δ Λ = 
± 2 , Δ Σ = 0, and ΔΛ = ± 2 , Δ Ι = + I, respectively 
The spectroscopic approximation assumes that the con­
tribution of closed-shell electrons to the constants a, b, 
c, and d cancels because Σ /, = 0 and Σ *• = 0 for each 
closed shell, and the averages should be taken over 
open-shell electrons In the Χ ' Σ ground state, the elec­
tronic configuration is (1ίσ) 2 (2ίσ)- > (2ρσ) , (2ρπ)- and 
in the Д 1 ! ! state one closed-shell 2ρσ· electron is ex­
cited to a Ip-a orbital, resulting in a configuration 
(1 Jσ) ,(2íσ) !(2^>σ)(2^>^г) , The situation in NH with 
the four open-shell electrons is more complex than the 
case of ' Π states with three ir electrons in the outer 
shell, such as the ground electromt states ol OH and SH 
(33) and 10 (34) We did not use a general subscript u 
for unpaired electrons at this stage, because in the spec­
troscopic approximation there are two unpaired elec­
trons, one ir and one σ, that contribute in a different 
way to the hyperfine constants Only electrons with a 
nonzero orbital angular momentum, thus IT electrons, 
contribute to the constant a and hence to ( I /r ') because 
a refers to the 1-L interaction The constants d and q-, 
originate from |ΔΛ| = 2 matrix elements and this also 
can be caused only by π electrons In Table 3 the 
calculated expectation values around the nitrogen and 
hydrogen nuclei are listed for both electronic slates In 
this calculation the magnetic g factors, £» - 5 585 and 
gt, = 0 40365, as well as the quadnipole moment of the 
nitrogen nucleus ON = 2 66· 10 " С m2 were taken 
from the literature (35) 
A first conclusion that can be drawn from the large 
values of ( l / r 1 ) π and (sin2 / г 1 ) n with respect to the 
nitrogen nucleus, m comparison with the values related 
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Fie 4 Scheme of the hyperfine structure of the АЧі (upper dnd lower ^-doublet states) and the X 'i. states of NH as a 
function of the J quantum number and calculated from the expérimental hyperfine constants, levels with the same λ quantum 
number have been denoted by an addinonal index (I) and (2) for upper and lower energy respectively 
to the hydrogen nucleus, is that in the Α'Π state the 
three π Orbitals are located mainly on the nitrogen nu­
cleus It follows thai in the spectroscopic approximation 
the bonding will be due to the 2ρσ orbital This corre­
sponds to the model given by Herzbcrg (25) in which he 
asenbes the stability of the X ' V ground state to a 
mixing of a 2ρσ- orbital located on the nitrogen nucleus 
and the I s o orbital of the hydrogen atom when the two 
atoms are brought together, resulting in a bonding and 
an antibonding orbital In this model, the electron in the 
antibonding orbital will be excited to the Ιρπ shell in 
a transition to the Α'Π state 
Because of the fact that ir-electron clouds have a 
nodal plane on the intcmuclear axis, they do not con-
tnbute to the Fermi-contact terms, which are propor­
tional to (ψ'ίΟ)) Hence in the spectroscopic approxi­
mation, only the unpaired <τ orbital gives a contribution 
and this explains why the Fermi-contact terms are much 
larger in the AMI state than in the ground state Similar 
arguments seem to apply to the OH and SH molecule to 
explain relative values of the Fermi contact terms in the 
Χ
2
Π ground (34) and A21μ excited states (2. 3) The 
Fermi-contact terms in the Χ*Σ~ ground state are proba­
bly due to polarization effects that cannot be explained 
within the spectroscopic approximation In a valence 
configuration interaction calculation (28), it was found 
that the spin density at the nitrogen nucleus is twice that 
at the proton for an intemuclear distance R = I 96 а0 
(12) However, this calculation does not produce a sig­
nificant difference in spin density between the A 1 ! ! and 
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TABLE 3 Averaged electron densities around both nuclei N and H m the /Ti l and 
Χ'Σ slates of NH (in units of ΙΟ4' m ') 
&. (ψ). 
/3 cos' θ -
<Φ'(0)>. , 
/3 cos' θ -
m, 
Γ
Ι Ν ' 
^ . 
'ì 
Λ'Π 
Ν 
14 4(4) 
7 11(4) 
I 63(18) 
3 04(2) 
-10 2(23) 
12 7(15) 
Η 
0 94(5) 
0 219(6) 
0 76(3) 
0 45(2) 
X ' i 
Ν 
- 7 09(7) 
0 375(8) 
IO 8(27) 
Η 
0 77(2) 
- 0 100(2) 
Χ
1 ! " states, which shows that exact calculation of hy-
perfine constants is a delicate matter 
At first glance the values of (sin' θ
Ν
/Γ|
Ν
)
π
 as calcu­
lated from the dN and eQq-, constants and formulas (14), 
are opposite in sign In principle the expectation value 
calculated from i?,, should be taken for all π electrons, 
but in the case of NU there are no inner shell ir orbitals 
so both values are averages over three IT electrons 
Following Bekooy el al (34) the expectation value 
obtained from </; can be rewritten in an effective aver­
age over the one unpaired IT electron and in the case of 
three open shell electrons it can be replaced by 
- ( s i n ' м / г
т
)
и
 The opposite holds for the ex­
pectation value as obtained from the ¿/N constant it can 
be rewritten as + (sin' Ьч/г
ш
)
и
 The sign difference 
can be understood by expressing the electronic wave 
functions as Slater determinants (see Appendix A) 
Matrix elements corresponding to a change | Л 1 | = I of 
the total electron spin, as is the case for the c/constants, 
produce an extra sign change because of a necessary 
permutation of the three IT electrons in the Slater deter 
minant The values 7 11 ± 0 04 and 12 7 ± I 5 ob­
tained for (sin' Θ
Ν
/ Γ 1 Ν ) „ are in reasonable agreement, 
in view of the complex situation of two open shells 
where a breakdown of the spectroscopic approximation 
may be expected 
5. Conclusion 
Laser induced fluorescence spectroscopy in a molec 
ular beam has proved to be a powerful method for the 
investigation of the hyperfine structure of diatomic free 
radicals such as NH in the ground and excited electronic 
states Because of the large tunability of a frequency 
doubled ring dye laser, spectra can be measured in a 
wide frequency range (295-340 nm) 
From the large amount of data, the accuracy in the 
calculated hyperfine constants is comparable to the far 
infrared studies of the ground state The effect of the 
quadrupole interaction in the X ' i , ground state of NH 
could be determined for the first time For the deter 
mination of the hyperfine structure of the electronically 
excited states of free radicals L1F in a molecular beam 
seems to be the best method at present Possible im­
provements in the accuracy could be made in 
UV-microwave double resonance experiments in a 
molecular beam setup, as was shown already for the OH 
molecule (36) 
The coaxial microwave cavity has shown to be an 
efficient source for NH radicals We have found that 
they are not only produced in the Χ ' Σ ground state, 
but also in the metastablc α'Δ state in a fraction of 
about 5% of the total NH production From observed 
spectra of the Í ' Π <— a ' Δ transition at λ = 324 nm, the 
hyperfine constants as well as the A-doublmg parame­
ters in the a'Δ and с'11 states are derived (to be pub­
lished) We hope that the determination of accurate 
hyperfine constants in several electronic states wil l be a 
stimulus for new ab initio calculations 
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Appendix A 
The symmetry of the molecular wave function with 
respect to the reflection operation σ, is important since 
it fixes the signs ot the hyperlme constants </N π and </: 
In order to determine the symmetry ot the electronic 
part of the wave function, we consider the ettcct ol σ, 
on the electrons in the open shells The molecular 
orbital (MO) configuration ol NH in the Λ'Π state is 
( Ь и ^ ^ о О ^ / х т ^ / л г ) ' and the wave lunction of 
the four open-shell electrons can be written as a Slater 
determinant, e g , 
[ΑΙ] |Λ = I, 1 = I) = { Ο ' Ι Τ , Ι Γ i r ' } 
The upper signs correspond with σ, = ± 1 and the lower 
ones with λ, = ± I. where σ, and λ, are the projeclions 
of the spin (s,) and orbital (/, ) angular momentum of 
electron ι on the internuclear axis For i. = 0 or - I and 
Λ = —I, the wave functions and their relative phases 
are derived from [Al J by successive applications of the 
total electronic operators L = 2 , I,, and S . = }£ S,-
defined in the molecular frame ol reference For the 
single electron operators, the phase convention of 
Edwards (31) is used 
1-|/Л> = V(/, + λ,χ/, ± λ, + ΐ)|/,λ, ± ι) 
[A2] . 
ί,-Ιί,σ,) = V(ó , Tcr,)(í, ± σ, + Ι)|ν,(τ, ± 1) 
where |/,λ,) and | ΐ,σ,) are the orbital and spin part of the 
wave function of electron ι 
As a result we obtain 
[A3] |Λ = - I , I = - 1 ) - UT ΤΙ, π π } 
Under a reflection in the plane containing the ínter-
nuclear axis, |/,λ,) transforms as 
[A4] ο, |/,λ,) = (- l )M/, - λ , ) 
where the phase factor originates trom the relation 
|/,λ,>* = (-1)4/, -λ,) 
which is a direct consequence ol the phase convention 
[A2] From the transformation properties ol the single-
electron spin function as given by Hougen (37), it fol­
lows that 
[A5] σ,Κσ,) = (-))'• " Ь, -σ,) 
analogous to the symmetry of the total spin wave func­
tion (38) Application of cr, onto the wave lunction 
[ A l ] then gives 
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[A6J σ, |Λ = 1, 1 = I) = (-1)'"-{(г тт i r ' i r j 
= | \ = -l.l' - о 
Similarly tor 1 = О 
[A7] σ, |Λ = Ι, Σ - 0) = - | \ = - I . i . = 0) 
The symmetry of the rotational part ot the molecular 
wave function is given by (18) 
[A8] σ, \JilMj) = ( - 1 ) ' "17 -tlMj) 
so that for the total wave function of NH in the Д'П 
state the result obtained is 
[A9] σ, \\±)\JÍIM,) 
= ( - l ) v -(-I)' " \ - \ - 1)\J -ilMj) 
= ( - l ) ' | - A - 1)\J -ñMj) 
which differs from the usually applied symmetry 
(—I)'' s that we obtain in the case of only one open-
shell IT electron 
The positive sign ot the quadrupole coupling constant 
«y-. can be explained with help ol Slater determinants 
^ = ^ ( Λ = І,\\Г[:'Л ,)\\ = - Ι , Χ) 
which (for i. = I) can be written as 
r -, 2V6 
[AIO] Я* = — 
x { σ TT^TTjTT | 7 " ^ 2 ( V I ) | C T π , π . π 
= ^ < π 1 | Τ ' 1 ΐ ( ν 1 ) | π ) 
= - 3 < i T ; | C f (θ
Ι Ν
,φ
Ι Ν
)/;-;
Ν
|ττ ) 
= + 3 / s m ^ 
V
 »·|
Ν 
where the integration over the azimuthal angle φ gives 
a negative sign This is also the case for the dN H con­
stants, but an additional negative sign is obtained owing 
to an odd permutation of the single-electron wave func­
tions in one of the Slater determinants The d constants 
are proportional to matrix elements of the type 
(л = і,2Ю
С |)сл2 і( и,фи)/г;(| 
Λ = - Ι , Σ + 1) 
which can be rewritten with (for Σ = - 1 ) 
|Λ = 1,1 = -1) - {σ'τΓ^ττ^ττ } 
and 
ΙΛ = - Ι , Σ = 0) 
2 
[{σ 'тт-тг ' тт,} + {σ тт тг.тт,}] 
V2 
(σ тт ! тт, тт I?"' !(si)C' ; '( ц i>a)/ru\a тт тт тт } ^(тт, |7"" , ,(М)С', , | ( ц.фн)/'-, , лк ) 
(ir І С ^ . ь ф и і / г ^ т т ) 
+ і з72
/мп
"
 ,< 
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Appendix B" 
F" +• F' Obs. T'req. Obs-Гаіс. 
Transition Q.(1) 
5/ 2 2 - 7/2 
5/2!- 7/2 
3 / 2 2 - 5/2! 
5/2 2- 3/2i 
7/2 - 5/2i 
5/2i* 5/2i 
3 / 2 2 * 3/2! 
40.7 + 2.0 
-95.2 + 2.5 
-189.6 + 3.0 
-216.2 + 2.5 
-255.6 + 4.0 
-351.5 + 2.5 
-408.4 +_ 2.0 
5/224- 3/2i -435. 1 + 4.0 
5/22->- 5/22 -*«4·5 + 4.0 
-486.3 + 2.0 
-528.6 + 4.0 
-538.5 + 4.0 
-582.0 + 2.0 
-734.9 + 2.5 
-804.7 + 2.5 
-829.8 + 2.0 
-873.3 
7/2 - 5/2 2 
3/2,- 3/2, 
3/2,- 5/22 
5/2!- 5/2 2 
5/2 2- 3/22 
1/2 - 3/22 
3/2!- 3/2 2 
5/2,- 3/22 ' 
3 / 2 2 - 1/2 J 
1/2 - 1/2 -975.8 + 2.5 
3/2!- 1/2 -1000.9 + 2 . 5 
Transition Q (2) 
7/2 2- 9/2 40.8 + 3.0 
7/2i- 9/2 -95.6 + 3.0 
5/ 2 2 - 7/2i -141.2 + 3.0 
7/2 2 - 7/2i -172.3 + 2.0 
7/2!+ 7/2! 
5/2 2- 7/2 2 
5/22- 5/2i -331.0 + 3.0 
:;[• 311.7 
7/22- 7/22 
7/22+ 5/2i 
9/2 - 7/22 
5/2!- 7/2.-
-345.9 + 6.0 
-361.7 + 6.0 
-390.3 + 2.0 
-443.2 + 4.0 
5/2i+ 5/2] -457.5 + 4.0 
-1.0 
0.8 
-0.9 
-0.9 
1.4 
1.5 
0.1 
0.0 
1.5 
1.5 
0.3 
1.4 
1.7 
2.4 
1.0 
0.4 
0.3 
-0.3 
-2.5 
0.8 
1.6 
0.7 
-0.4 
1.9 
-0.8 
0.8 
-0.1 
-1.3 
F" - F ' 
7/2i+7/22 
5/2^+5/22 
7/22-5/2,, 
3/2 -5/2 2 
5/2,-5/22 
5/22-3/2/ 
7/2 1+5/2 2 
3/2 -3/2 
5/21+3/2 
Obs. Freq. 
-487.8 + 2.0 
-551.9 + 5.0 
-582.5 + 3.0 
-648.9 + 2.0 
-679.7 + 2.0 
•-721.9 
-817.7 + 3.0 
-846.7 + 3.5 
Obs-Calc 
-0.3 
-2.1 
-2.4 
-2.7 
-4.3 
-3.9 
-3.7 
Transition Q (3) 
9/22+ll/2 
9/2i-ll/2 
7/22- 9/2i 
9/22- 9/2i 
11/2 + 9/2i 
7/22+ 7/2, 
9/22- 7/2, 
11/2 - 9/22 
7/2i- 9/22 
7/2!+ 7/2, 
9/2i+ 9/22 
7/2¿+ 7/22 
43.3 + 2.5 
-97.5 + 3.0 
-116.3 + 2.5 
-149.8 + 2.0 
-192.6 + 3.0 
-290.3 + 6.0 
-323.1 + 4.0 
-349.8 + 2.5 
-402.7 + 3.0 
-420.7 + 6.0 
-447.5 + 2.0 
-475.3 + 5.0 
9/22+ 7/2¿ -508.6 + 2.5 
5/2 - 7/22 "572.8 + 3.0 
7/2,- 7/22 -605.4 + 3.0 
7/22- 5/2 -639.0 + 6.0 
9/2i- 7/22 -649.5 + 6.0 
5/22- 5/2 -731.7 + 3.5 
7/2i- 5/2 -769.2 + 4.0 
Transition R (0) 
3/22- 5/2i -234.4 + 3.0 
5/2 - 5/2i -267.8 + 4.5 
3/2!- 5/2, -362.6 + 2.0 
l/22- 3/2, -443.5 + 6.0 
-0.5 
-0.9 
0.2 
-1.0 
0.0 
-1.2 
-1.7 
-0.1 
-0.9 
-3.4 
-1.2 
-0.1 
-1.0 
-1.0 
-1.9 
-1.6 
-1.5 
-2.7 
-3.5 
-0.2 
0.8 
0.6 
1.2 
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F" -
1/22-
1/22-
5/2 -
5/2 -
1/2,-
3/2!-
3/2!-
l/22-
5/2 -
1/2,-
3/2i-
1/22-
l/22-
1/2,-
3/2,-
F· 
3/2, 
5/22 
3/2. 
5/22 
3/2, 
3/2, 
5/22 
3/22 
3/22 
3/22 
3/22 
1/2 
1/2 
1/2 
1/2 
Transition 
7/22-
9/2 -
5/2,-
3/2 -
5/2,-
9/2, 
9/2i 
7/22 
5/2 
5/2 
Transition 
9/22-
11/22-
9/22-
9/2,-
7/22-
9/22-
9/2,-
7/22-
9/22-
7/2,-
9/2,-
5/2 -
7/2,-
11/2, 
11/2, 
ll/22 
11/2, 
9/2l 
9/2, 
11/22 
9/22 
9/22 
9/22 
9/22 
7/2 
7/2 
Obs. Freq. 
. -462.7 
• -496.9 
-552.4 
' 
.-591.5 
-766.6 
-800.3 
-857.1 
-896.1 
-923.7 
-941.8 
-1031.9 
-1071.5 
4,(2) 
-187.1 
-230.7 
-658.6 
-810.1 
-839.1 
8,(3) 
-178.2 
-221.8 
-303.0 
-318.1 
-338.6 
-369.5 
-442.5 
-498.1 
-531.0 
-625.9 
-672.4 
-775.8 
-807.9 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
4-
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-h 
-f 
3.5 
2.5 
3.5 
2.5 
2.0 
3.0 
3.5 
2.0 
2.5 
3.0 
3.5 
3.0 
2.5 
3.5 
2.5 
3.5 
5.0 
5.0 
3.5 
5.0 
3.5 
5.0 
5.0 
3.5 
5.0 
4.5 
5.0 
0bs:-Calc. 
-0.1 
0.1 
0.5 
-1.7 
-0.6 
-1.5 
-0.3 
-2.0 
-1.6 
-1.6 
-1.9 
0.6 
1.4 
1.6 
-0.7 
-0.6 
-0.3 
-0.3 
-0.6 
0.9 
0.6 
1.0 
0.5 
1.5 
-0.5 
2.6 
2.2 
F" - F' 
Transition 
1I/2 2-I3/2I 
13/2 -13/2, 
11/22-13/22 
9/22-11/2, 
ll/22-ll/2i 
11/2,-13/22 
9/22-11/22 
ll/22-ll/22 
9/2,-11/22 
ll/2i-ll/22 
9/22- 9/2 
7/22- 9/2 
9/2,- 9/2 
Transition 
13/22-15/2, 
ІЗ/22-15/2г 
11/22-13/2,' 
13/2,-15/2, 
13/2,-15/22 
11/2,-13/2, 
13/2,-13/2, 
11/2,-13/22 
13/2,-13/22 
9/2 -11/2 
11/2,-11/2 
Transition 
15/22-17/2, 
15/22-17/22 
13/22-15/2i 
15/2,-1 7/22 
13/22-I5/2/ 
13/2,-15/2, 
15/22-15/22 
13/2,-15/22 
Obs. Freq. 
8,(4) 
-172.2 + 2.0 
-216.6 + 3.0 
-290.5 + 3.5 
-327.6 + 2.0 
-360.8 + 4.0 
-431.5 + 2.5 
-475.5 + 4.0 
-512.6 + 6.0 
-608.3 + 4.5 
-655.1 
-756.3 + 5.0 
-789.6 + 6.0 
R,(5) 
-167.0 + 2.5 
-280.0 + 3.5 
• -317.7 
-422.5 + 2.0 
-455.0 + 6.0 
-495.5 + 4.0 
-592.1 + 2.5 
-638.2 + 6.0 
-738.6 + 4.0 
-774.0 + 2.0 
R,(6) 
-164.8 + 2.0 
-274.7 + 3.5 
-314.4 + 3.0 
-415.6 + 3.0 
» -447.0 
-486.3 + 5.0 
-582.2 + 3.0 
ObsrCalc. 
0.1 
-0.4 
-0.8 
1.7 
2.2 
-1.2 
2.3 
-1.1 
-0.6 
1.6 
1.5 
1.6 
1.1 
-0.7 
-0.7 
3.2 
2.2 
0.4 
5.3 
4.3 
1.0 
0.2 
4.6 
0.1 
1.8 
2.4 
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F" •+ F* Obs. Freq. Obs.-Calc. F" -<• F' Obs. Freq. Obs-Calc. 
\Ыг^\ыг
г 
11/2 ->-13/2 
1 3 / 2 , - 1 3 / 2 
T r a n s i t i o n 
1 7 / 2 2 - 1 7 / 2 , 
1 5 / 2 2 - 1 7 / 2 ι 
19/2 - 1 7 / 2 2 
1 7 / 2 , - 1 7 / 2 2 
1 5 / 2 i - l 7 / 2 2 
13/2 - 1 5 / 2 
T r a n s i t i o n 
7 / 2 , - 9 / 2 , 
7 / 2 2 - 9/22 
5 / 2 , - 7 / 2 , 
5 / 2 2 - 7 / 2 2 
3 / 2 2 - 5/2 
T r a n s i t i o n 
3 / 2 , - 5/2 
5/2 - 3 / 2 , 
1 / 2 , - 3 / 2 , 
1/22- 3 / 2 , 
3 / 2 2 - 1/2, 
l / 2 2 - 3/22 
3 / 2 , - 3/22 
1 / 2 , - 3/22 
3 / 2 2 - l / 2 2 
l / 2 2 - l / 2 2 
3 / 2 , - l / 2 2 
T r a n s i t i o n 
7 / 2 , - 9 / 2 , 
5 / 2 2 - 7 / 2 2 
3 / 2 2 - 5/2 
T r a n s i t i o n 
3/2 - 3 / 2 , 
3/2 - 1/2, 
- 6 2 7 . 9 + 5 . 0 
- 7 2 7 . 9 + 3 . 5 
- 7 6 3 . 5 + 5 . 0 
11,(7) 
- 1 6 1 . 1 + 2 . 0 
• - 3 0 8 . 1 
- 4 1 0 . 0 + 3 . 5 
- 5 7 4 . 6 + 4 . 5 
- 7 1 9 . 5 + 6 . 0 
Q R 1 2 ( 3 ) 
- 1 9 8 . 3 + 2 . 5 
- 3 4 9 . 8 + 3 . 0 
- 3 7 8 . 8 + 3 . 0 
- 5 5 8 . 4 + 3 . 5 
- 7 2 7 . 2 + 5 . 0 
Q 2 ( i ) 
- 2 6 . 2 + 3 . 0 
- 1 4 9 . 4 + 3 . 5 
• - 1 7 3 . 6 
- 3 3 6 . 2 + 5 . 5 
• 
• - 3 8 1 . 1 
- 3 9 3 . 2 + 5 . 0 
- 5 6 2 . 5 t 4 . 5 
• 
• - 5 8 6 . 7 
R 2 ( 3 ) 
- 3 7 . 5 + 2 . 0 
- 1 2 1 . 5 + 2 . 0 
- 1 5 1 . 4 + 2 . 5 
Q R 2 3 ( . ) 
- 1 4 7 . 0 + 2 . 0 
- 3 3 5 . 0 + 5 . 0 
1.0 
5 . 9 
5 .4 
2 . 5 
1.1 
2 . 6 
6.7 
1.4 
1.5 
1.3 
1.6 
2 . 9 
0 . 0 
- 1 . 2 
- 1 . 8 
- 0 . 5 
1.7 
0 . 0 
0 . 5 
2 . 2 
1.2 
- 4 . 2 
3/2 * 3 / 2 2 
3/2 - l / 2 2 
- 3 5 4 . 9 + 5 . 0 
- 5 6 0 . 6 + 6 . 0 
T r a n s i t i o n К 2 з ( 2 ) 
3 / 2 2 - 5/2, - 3 2 . 9 + 2 . 0 
3 / 2 2 - 5 / 2 2 ' 
5 / 2 2 - 5/2, ¡ 
3 / 2 , - 5 / 2 , 
5 / 2 2 - 5/22 
l / 2 2 - 3 / 2 , 
3 / 2 , - 5 / 2 2 ' 
3 / 2 2 - 3 /22 , 
3 / 2 , - 3 / 2 , 
1 / 2 , - 3 / 2 2 ' 
1 / 2 , - 3 / 2 , 
1 / 2 2 - 1/2 
3 / 2 , - 3 /22 
T r a n s i t i o n С 
9 / 2 2 - 9 / 2 , 
1 1 / 2 2 - 1 1 / 2 , 
7/2 - 7/2 
9 / 2 , - 9 / 2 2 
1 1 / 2 , - 1 1 / 2 2 
T r a n s i t i o n 
1 1 / 2 2 - 1 1 / 2 , 
1 3 / 2 , - 1 3 / 2 , 
9/2 - 9/2 
1 1 / 2 , - 1 1 / 2 2 
1 3 / 2 i - l 3 / 2 2 
T r a n s i t i o n 
1 3 / 2 2 * 1 3 / 2 , 
1 5 / 2 2 - l 5 / 2 i 
11/2 - 1 1 / 2 
1 3 / 2 i - l V 2 2 
1 5 / 2 , - l V 2 2 
> - 1 1 7 . 9 
- 1 7 9 . 9 + 2 . 0 
- 2 0 7 . 1 + 2 . 5 
- 2 2 8 . 1 + 3 . 0 
• - 2 6 4 . 4 
- 3 0 9 . 1 + 6 . 0 
• - 3 3 9 . 7 
•-414.4 
2 1 ( 4 ) 
3 6 . 4 + 3 . 0 
2 0 . 5 + 3 . 0 
- 1 2 6 . 2 + 3 . 5 
- 1 4 3 . 3 + 3 . 5 
- 1 6 4 . 0 + 4 . 0 
Q 2 1 ( 5 ) 
4 3 . 8 + 3 . 0 
2 2 . 8 + 4 . 5 
- 1 0 8 . 5 + 3 . 0 
- 1 3 0 . 0 + 4 . 0 
- 1 5 3 . 1 + 3 . 0 
Q 2 1 ( 6 ) 
5 0 . 7 + 3 . 5 
2 7 . 0 + 3 . 5 
- 9 6 . 2 + 4 . 0 
- 1 2 0 . 4 + 3 . 5 
- 1 4 7 . 2 + 3 . 5 
0 . 0 
0 .0 
0 .5 
- 1 . 6 
- 0 . 3 
- 2 . 2 
- 3 . 6 
3 .4 
1.3 
5 . 0 
1.9 
0 . 4 
2 . 6 
- 0 . 3 
4 . 6 
1.2 
1.2 
3 .7 
1.1 
3 . 6 
0 . 5 
- 0 . 4 
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F " - F ' Obs. F r e q . Obs-Calc . F " - F ' Obs. F r e q . O b s - C a l c . 
1389 
-267.: 
1/2 - 3/22І 
3/2,- і/г,}- 3 3 8 · ' 
T r a n s i t i o n WP (1) 
5 / 2 2 - 5/2 4 0 . 9 + 2.5 
3/22- 3/2i - 8 0 . 6 + 3.0 
5 / 2 2 - 3/2! - 1 0 7 . 8 + 5.0 
5 / 2 ! - 3/2, - 2 4 2 . 9 + 2.0 
3/22- і / г О 
3/22- 3/2 2 [ 
5/2^- 3/2 2 - 3 1 4 . 7 + 3.0 
/2 
3/2!- 3/2^ -409.5 + 3.5 
5/2i- 3/2j -452.0 + 4.0 
3/22- 1/22 -494.4 + 6.0 
1/2 - 1/2; -590.1 + 6.0 
3/2]- 1/22 -615.0 + 6.0 
Transition P^ (2) 
7/22- 7/2 41.8 • 4.0 
7/22- 5/2] -78.9 _+ 2.0 
7/22- 5/22 -163.5 + 6.0 
5/2¿- 3/2] -176.6 + 6.0 
7/2!- 5/2, -218.0 + 2.0 
5/2i- 5/2, -258.7 + 4.0 
3/2 - 3/·Ί -277.7 + 6.0 
5/2,- 3/2!) 
7/2,- 5/22J" •303.3 
3/2 - 3/22 -374.4 + 4.0 
5/2i >• 3/22 -404.4 + 3.0 
3/2 - 1/2 -461.7 + 3.0 
Transition 0^(4) 
7/2i- 9/2 -48.5 + 2.5 
7/2!- 7/22 31.0 + 3.0 
5/2i- 5/2/ 45.8 + 3.0 
7/22- 7/22 174.3 + 3.0 
9/2 - 7/2! 200.5 + 3.0 
5/2,- 3/22 244.8 + 6.0 
-0.8 
-0.7 
-1.3 
1.3 
-1.5 
- 2 . 5 
-1 .1 
-2 .1 
- 1 . 9 
- 2 . 3 
-1.5 
-0.4 
0.0 
-1.2 
0.2 
0.1 
-5.9 
0.0 
- 0 . 7 
- 0 . 2 
0 . 0 
- 0 . 1 
- 0 . 4 
0.1 
- 0 . 9 
- 1 . 2 
:.} 377.5 
7 / 2 2 - 7/2i 294 .3 + 3.0 
5 / 2 2 - 5/2i 329.0 + 5.0 
3 / 2 - 3 / 2 339.4 + 5.0 
5/22- 3/2 
7/22- 5/2i 
T r a n s i t i o n Q. (5) 
9/2,-11/2 - 4 6 . 6 + 3.0 
9 / 2 , - 9/2 4 2 . 0 + 2 . 5 
7 / 2 i - 7/2 6 5 . 2 + 2.0 
l l / 2 2 - 9/2 8 8 . 6 + 6 .0 
9/ 
9 / , . , „ }> 104.5 
22-11/2 1 
/ 2 i - 7 / 2 2 ; 
7 / 2 ! - 5/2 1 
7/22- 9/2, J 
9/22- 9 / 2 ! 
7/22- 7 / 2 ! 
5/2 - 5/2 2 
9/22- 7/2, 
7/22- 5/2 
T r a n s i t i o n C),(6) 
11/2,-11/22 
9 / 2 i - 9/22 
9/22-11/2, 
ll/2?-ll/2i 
9/22- 9/2, 
7/2 - 7/2 
T r a n s i t i o n Q.(7) 
256.3 
305.8 + 5.0 
349.0 + 5.0 
369.1 + 5.0 
396.4 + 6.0 
409.1 + 6 .0 
50.2 + 2.0 
79 .8 + 2.0 
270.7 + 6 .0 
315.9 + 2 . 5 
366.7 + 3.0 
394.1 + 3.0 
13/2,-15/2 - 4 3 . 5 + 3.0 
Ι 3 / 2 ι - 1 3 / 2 2 55 .5 + 2.0 
l l / 2 i - I I / 2 2 8 9 . 5 + 2.0 
15/2 - 1 3 / 2 ! ) 
11/22-11/2, j * 2 2 5 · 1 
13/22>\1/2ι 319.6 + 3.0 
1 1 / 2 2 И І / 2 і 377.1 + 3.0 
9/2 - 9/2 4 0 8 . 5 + 3.0 
- 1 . 7 
- 0 . 2 
- 1 . 0 
0.2 
0.2 
0.3 
-0.1 
- 0 . 4 
- 0 . 7 
- 0 . 8 
- 0 . 9 
- 1 . 2 
0.9 
1.4 
3.6 
2.7 
2.8 
3.3 
1.3 
0 . 8 
1.0 
1.1 
2.8 
2.1 
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F" -
l l / 2 2 -
F ' 
9 /2 
T r a n s i t i o n 
3/2 -
3/2 -
3/2 -
3/2 -
3/22 
1/2 , 
3 / 2 , 
l / 2 i 
T r a n s i t i o n 
3 / 2 , -
5 /2 -
1 / 2 , -
3 / 2 , -
3 / 2 2 -
5/2 -
1 / 2 2 -
3 / 2 2 -
1 /22-
3 / 2 , -
l / 2 2 -
3 / 2 2 -
5 / 2 2 
5 / 2 , 
3 / 2 2 
5 / 2 , 
5 / 2 2 
5 / 2 , 
3 / 2 2 
5 / 2 , 
3 / 2 , 
3 / 2 , 
1/2 
1/2 
T r a n s i t i o n 
5 / 2 , -
7 /2 -
3 / 2 , -
7 /2 -
5 / 2 , -
5 / 2 2 -
5 / 2 2 -
5 / 2 , -
3 / 2 2 -
5 / 2 2 -
1/2 -
3 / 2 2 -
7 / 2 2 
7/22 
5/22 
7 / 2 , ' 
5 / 2 2 
7 / 2 2 
7 / 2 , 
5 / 2 , 
5 / 2 , 
5 / 2 , 
3 /2 
3/2 
T r a n s i t i o n 
7 / 2 ¡ -
9 /2 -
9/22 
9 / 2 2 
Obs. Fr 
4 4 7 . 8 + 
К з ( і ) 
106.1 + 
218.4 + 
250.9 + 
393.4 + 
*3(2) 
8 7 . 2 + 
144.6 + 
• 191.8 
234.9 + 
254.2 + 
300.8 + 
342.2 + 
4 4 0 . 7 + 
507.8 + 
539.4 + 
605.4 + 
*30) 
108.2 + 
159.0 + 
215.3 + 
• 252.4 
345.6 + 
375.6 + 
466 .6 + 
520.8 + 
554 .5 + 
590.3 + 
&3(4) 
121.0 + 
170.3 + 
54-
3.5 
2 .0 
2 .0 
2 .0 
2 .0 
2 .0 
2 .5 
5 .0 
3.0 
2 . 5 
2 .5 
5.0 
2 .5 
2 .5 
3.0 
2 .0 
2 . 5 
5.0 
2 . 0 
2 . 5 
2 . 0 
3.0 
3.5 
3.5 
2 . 0 
2 . 5 
CAN J PHYS 
APPFNDIX В 
O b s - C a l c . 
- 0 . 3 
1.0 
- 0 . 8 
0 . 2 
- 0 . 4 
- 0 . 1 
0 . 8 
2 .7 
2.4 
- 0 . 3 
2 .0 
- 0 . 1 
1.6 
П.2 
0 . 8 
- 1 . 2 
- 1 . 8 
- 1 . 1 
- 0 . 9 
- 1 . 2 
- 0 . 6 
- 0 . 6 
- 0 . 9 
- 0 . 9 
0.1 
0 .9 
VOL 62 19S4 
[Continued) 
F" - F ' 
7 / 2 , - 9/2, 
5 / 2 , - 7/22 
7 / 2 2 - 9/2 2 
7 / 2 2 - 9/2, 
7 / 2 , - 7/2, 
5 / 2 2 - 7/2, 
7 / 2 2 - 7/2, 
3/2 - 5/2 
5 / 2 2 - 5/2 
T r a n s i t i o n 
9/2,-11/22 
9 / 2 , - 1 1 / 2 , 
7 / 2 , - 9/2 2 
9/22-11/2, 
7 / 2 2 - 9/2, 
9 / 2 2 - 9/2, 
5/2 - 7/2 
7 / 2 2 - 7/2 
T r a n s i t i o n 
11/2,-13/22 
13/2 -13/22 
1 1 / 2 , - 1 3 / 2 , 
9/2,-11/22 
l l / 2 2 - 1 3 / 2 2 
1 1 / 2 , - 1 1 / 2 , 
l l / 2 2 - 1 3 / 2 , 
9 / 2 2 - 1 l / 2 2 
9/22-11/2, 
l l / 2 2 - l l / 2 , 
7/2 • 9/2 
9 / 2 2 - 9/2 
T r a n s i t i o n 
13/2,-15/22 
11/2,-13/22 
13/22-15/2, 
Obs. F r e q . 
210.1 + 5.0 
234.6 + 2 .5 
261.9 + 5.0 
350 .5 + 2.0 
386 .9 + 3.0 
4 7 8 . 2 + 2.0 
5 2 8 . 3 + 2 .5 
579.4 + 2.0 
618.1 + 2 .5 
К з ( 5 ) 
127.1 + 2.0 
211.4 + 3.0 
244.8 + 2.0 
352.7 + 2.0 
4 8 5 . 8 + 2.0 
532.0 + 3 .5 
5 9 5 . 5 + 2.0 
634.0 + 3.0 
R 3 ( 6 ) 
130.3 + 2.0 
176.0 + 6 .0 
216.0 + 2 .5 
252.6 + 2.0 
271.4 + 5.0 
292.7 + 4 . 0 
355.0 + 2.0 
390.2 + 3 .5 
4 9 1 . 2 + 2.0 
536.1 + 3.0 
606 .0 + 2 . 0 
645.4 + 3.5 
К з ( 7 ) 
135.1 + 2 . 0 
259.2 - 2 . 0 
360 .0 + 2 . 0 
O b s - C a l c . 
3.1 
1.7 
- 2 . 1 
0 . 4 
0 . 9 
- 1 . 1 
- 0 . 8 
0 . 4 
0 .1 
- 0 . 3 
0 . 3 
1.1 
- 0 . 4 
- 0 . 9 
- 2 . 2 
1.1 
- 0 . 8 
- 1 . 2 
- 1 . 1 
1.5 
1.5 
- 1 . 2 
- 0 . 1 
- 0 . 6 
2.4 
- 0 . 6 
- 1 . 9 
0 . 8 
1.1 
- 2 . 5 
2.7 
2.2 
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ApphNDix В (Contluded) 
F" -• F' Obs. Freq. Obs.-Calc. 
11/22-13/2, 
9/2 -11/2 
Transit ion 
7/2!- 5/22 
5/2!- 3/2; 
7/22- 5/2, 
5/22- 3/2! 
3/2 - 1/2 
Trans ition 
9/2,- 7/22 
7/2,- 5/22 
9/22- 7/2, 
7/22- 5/2, 
5/2 - 3/2 
Transition 
11/2,- 9/2¿ 
9/2,- 7/22 
11/22- 9/2, 
9/22» 7/2, 
7/2 - 5/2 
Transition 
13/2,41/22 
ll/2i> 9/2? 
13/22-11/2! 
ll/22- 9/2, 
9/2 - 7/2 
497.7 
615.0 
% 2(3) 
56.1 
94.1 
182.7 
245.8 
275.2 
V4) 
75.1 
123.0 
200.3 
273.2 
322.8 
V5) 
85.1 
142.6 
208.6 
297.2 
352.4 
QP32(6) 
92.3 
156.9 
216.1 
312.3 
374.5 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
2.0 
3.0 
3.5 
2.5 
2.5 
2.5 
3.0 
2.5 
2.0 
2.5 
2.5 
3.0 
2.0 
2.5 
2.0 
2.5 
2.5 
2.0 
2.5 
2.0 
2.0 
2.0 
2.0 
3.0 
-2.5 
0.1 
-2.3 
-2.9 
-1. 1 
0.3 
-0.4 
0.2 
-0.3 
0.9 
-0.2 
-0.8 
-1.3 
-0.5 
0.2 
-0.1 
-0.9 
-0.7 
1.2 
0.7 
'Observed hvperlmi. splrllin^us (m mejiahen?) lor NH m 4 II \ - 0 «— V'i, ν 0 transitions and deviations trom 
the values obtained in a least squares lit The splittings are JII uiven m series ot one rotational transition and they are relative 
lo the /•" - J" + 1/2 —* h ' -J' + 1/2 Ime (he quantum numbers h" and / ' reler to the ground and excited slates 
respeLtivel> while ( I ) and (2) icier to siaies with the same quantuni number lor upper and lower enurev The lines without 
d value in ihe last column were nol laken into the data sel ol the Lomputcr prouram bcLaiisc ol severe overlap hor the /?i(2) 
iransmon. onlv those (.omponents that are not overlapped by the "(J, (I) iransiiion aie given 
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F' Obs. Freq. Obs.-Calc. 
Transition 
5/2,-
5/2,-
5/22-
3/2,-
3/2,-
5/2,-
5/2,-
1/2 -
3/22-
3/22-
3/2,* 
5/22-
1/2 -
3/22-
5/2 
3/22 
5/2 
1/22 
3/2, 
3/2,] 
3/22 | 
3/2, ' 
l/22 
3/2, 
l/2l 
3/2, 
1/2, 
1/2, 
PjO) 
-51.5 
54.1 
94.1 
129.1 
161.9 
1 
t 199.5 
•256.1 
289.4 
305.7 
344.9 
397.9 
432.8 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
2.5 
2.0 
2.5 
2.5 
3.0 
3.5 
5.0 
2.0 
2.5 
3.0 
-0.2 
0.4 
0.9 
-0.5 
-0.7 
-0.3 
1.4 
1.0 
0.8 
-0.1 
CHAPTER V 
JOURNAL OF MOLECULAR SPECTROSCOPY 115, 88-104 (1986) 
High-Resolution Spectroscopy on the с1П «— а1Д Transition in NH 
W. UBACHS, G. MEYER, J. J. TER MEULEN, AND A. DYMANUS 
Fysisch Laboratorium. Katholieke Universiteit Nijmegen Toernooiveld. 
6525 ED Nijmegen, The Netherlands 
The spectrum of the с'П, ν = 0 — α'Δ, υ = 0 band of the NH molecule at λ = 324 nm has 
been investigated under high resolution by laser-induced fluorescence in a molecular beam From 
an analysis of the spectra we obtained' the magnetic dipole interaction constants ÚN Η and the 
electric quadrupole constants eQq^ï for both electronic states, the improved values for the Λ-
doubling constants q,, 9?, and 9? for the с'П state, and rotational constants for both electronic 
states up to a third-order centrifugal distortion. Also, the Л-doubling in the ΰ'Δ state could be 
determined. Φ І98б Academic Press, Ine 
1. INTRODUCTION 
Exactly 50 years ago three groups reported on the с'П, ν = 0 —» α'Δ, ν = 0 emission 
spectrum of NH at λ = 324 nm (7-5). The subsequent analysis yielded the rotational 
constants for both the с'П and α'Δ states and the Л-doubling coefficient in the с'П 
state. Recently Ramsay and Sarre {4) observed the с'П, υ = 0 — a'Δ, ν = 1 band in 
higher resolution but the Λ doubling in the α'Δ state could not be determined. A 
complete analysis of several vibrational bands of the ί/'Σ+ —» с'П and ί/'Σ+ —• ο'Σ + 
systems was performed by Graham and Lew (5). Krishnamurty and Narasinham (6) 
observed a breaking off of the rotational structure in the </'Σ+, ν = 0 —» с'П, υ = 0 
band for J S* 24 which they attributed to predissociation in the с'П state. Since the 
observation of the ¿ 'Σ* —» ХЪЪ~ singlet-tnplet transition by Gilles el al (7) it is 
known that the α'Δ state in NH lies 12593 cm"' above the ground state Λ^Σ". Recently 
Rohrer and Stuhl (S) reported on their observation of emission from the α'Δ state to 
the Λ Γ 3 Σ _ ground state at λ = 794 nm in low resolution. 
Over the past years there has been interest in the formation and chemistry of the 
NH molecule in the metastable α'Δ state. In the photolysis of hydrazoic acid NH is 
produced in the singlet states α'Δ and ¿>'Σ+ (9, 10). Piper et al. {11) applied laser-
induced fluorescence (LIF) detection to study the ΝΗ(α 'Δ) fragments in this photolysis 
reaction. Chemical reactions involving metastable ΝΗ(α'Δ) radicals were also stud­
ied (72). 
In a previous communication we reported observation and analysis of the high-
resolution spectrum of the Λ3Π, υ = 0 <— ΛΓ3Σ", υ = 0 transition in NH by laser-
induced fluorescence detection in a molecular beam (75, 14)} In the present inves­
tigation the LIF technique is applied to the с'П, ν = 0 «— α'Δ, υ = 0 band. The 
hyperfine structure in both electronic states α'Δ and с'П could be resolved for the 
' We regret omitting Ref. (14) on the ΛΉ-Λ^Σ system in our previous work. 
0022-2852/86 $3 00 
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first time, resulting in the determination of the magnetic dipole interaction constants 
ÛN.H for both nuclei and the electric quadrupole constants eQ<7i,2 for the nitrogen 
nucleus. The accuracy in the rotational and Л-doubling constants in the с'П state 
could be further improved by including centrifugal distortion. Absolute frequency 
measurements of the с'П, ν = 0 •— α'Δ, ν = 0 transitions yielded accurate rotational 
constants up to a third-order centrifugal distortion parameter. From frequency dif­
ferences in observed Λ splittings in Q{J) transitions on the one hand and P(J f 1 ) 
and R(J - 1) transitions on the other hand the very small Λ doubling in the α 'Δ state 
could be determined. To our knowledge this represents the first accurate determination 
of the Λ doubling in a 'Δ state. 
2. EXPERIMENTAL DETAILS 
The molecular beam apparatus, the coaxial microwave discharge source for the NH 
production, and the fluorescence detection zone have been described in detail before 
(13). The optimal production conditions for NH in the metastable α 'Δ state are nearly 
the same as for the NH molecules in the electronic ground state. Only the optimal 
pressure is slightly lower, which is probably due to collisional quenching to the ground 
electronic state. From relative signal intensities, oscillator strengths (J5,16), and num­
ber of fine structure states we estimate that in this production method about 14% of 
the NH molecules are formed in the α'Δ state. In this estimate we also corrected for 
the fact that the fluorescence in the с'П —» bl2+ channel, at λ = 450 nm, which is 
about 50% according to McDonald et al. (77), is suppressed by optical filters in the 
detection zone. 
The radiative lifetime of the ΝΗ(α'Δ) molecule is long enough to reach the de­
tection zone at a distance of 15 cm from the beam orifice. The molecules could be 
detected also in a second LIF detection zone at a distance of about 60 cm from the 
source. The decrease in signal, which is normally caused by beam divergence was not 
significantly larger than for longer lived species such as ΝΗ(Λ'3Σ~) and we conclude 
that the lifetime of the α'Δ state is longer than 1 msec. Recently Rohrer and Stuhl 
(8) estimated a lower limit of the rpdiative lifetime of 30 msec. 
The NH molecules in the molecular beam were excited with 2 mW continuous 
laser power from a frequency doubled ring dye laser. The dominant contribution to 
the spectral linewidth of 13 MHz comes from Doppler broadening, caused by molecular 
beam divergence. 
3. RESULTS AND ANALYSIS 
(A) Observed Spectra 
The hyperfine structure in the singlet states of NH originates mainly from interactions 
of the spin IH = £ of the hydrogen nucleus and the spin /N = 1 of the nitrogen nucleus 
with the electronic orbital angular momentum. A smaller contribution comes from 
the interaction between the quadrupole moment Q of the nitrogen nucleus and the 
electric field gradient due to the hydrogen nucleus and the electrons. As in the case 
of the /ΐ'Π-Λ'-'ΣΓ triplet spectra (13) the singlet spectra consist of 26 hyperfine com­
ponents for Q transitions and 22 for Ρ transitions. We analyzed the hyperfine splittings 
of the β(7) transitions for J = 2 to 7 and P(J) transitions for J = 2, 5, and 6 of the 
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с'П, i' = 0<— α'Δ, υ = 0 band. For the low У values the spectra show largest splittings 
between hyperfine components. For J > 7 the overlap of the hyperfine components 
is too severe to use them in the determination of the hyperfine structure. A typical 
spectrum is shown in Fig. 1 for the P(2) transition. The splitting in two groups of 
hyperfine lines is characteristic for the spectra of the rotational transitions. The Л 
doubling splits every rotational state of α'Δ and с'П in positive and negative parity 
states, so that two transitions are possible. The experimental values of 120 hyperfine 
splittings, measured relative to the F" = J" + § —> F ' = J' + § components, which are 
strongest in all spectra, are given in Table I. The quoted experimental errors correspond 
to 1 SD of at least four measurements for each line, with a minimum of 2 MHz to 
account for possible systematic errors. The error was increased when overlap occurred 
for different hyperfine components. In the table the hyperfine components are denoted 
with the quantum number F of the total angular momentum. In cases where F does 
not define the energy level unambiguously we introduced an extra index (1) and (2) 
for the upper and lower level, respectively. In Table II the values of the observed 
splittings, caused by the Л doubling are given for 21 rotational transitions up to 
J = 16 as measured in continuous scans of the laser. Only in the case of the Q(J) 
transitions for J = 14 to 16 the splittings were obtained from absolute frequency 
measurements. Table III gives the absolute frequencies of the rotational transitions. 
(B) Hyperfine Structure 
The experimental results have been fitted to an effective Hamiltonian for the hy­
perfine structure in the a 'Δ and с'П states. Using the same notation as in the previous 
paper (13) the hyperfine Hamiltonian is 
Ны = Σ Ы-УтуКытЩШгЪ + Σ (-УТ^ШР^ .) (i) 
where the summation / is over all electrons and к over both nuclear spins. The matrix 
elements were calculated with symmetrized Hund's case (a) basis functions in the 
coupling scheme J + I\ = Fi, Fi + І2 = F(Ii = /N, h - IH)'· 
VkJI^hFM^) = -^ WUItFJiFAÍF) ± \-UUFxI2FMF)}. (2) 
The matrix elements for both α'Δ (Л = 2) and с'П (Л = 1) states are 
CkJI
x
F,hF±\H^UI
x
F\I2F±) 
= Λΰ1(-) / '+ ί"'+ Λ(27+ DV/ . Í / , + 1X2/, + 1) (_УЛ ¿ ^ ' 'j ^ЬРіР\ 
+ Aa2(-) / 2 " / , + f + A _ , (2/+ 1) /2(/2 + 1X2/2 + 1)V(2F, + \)(2F\ + 1) 
ÍJ 1 J\{FX F\ I H F , F\ 1} 
Ή-Λ О ЛД/ J hWh h F\ 
'egg, (Λ 11)*Ψ(-\ Ι Λ>4 (3) 
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FIG. 1. Observed spectrum of the P(2) transition. The stick spectrum represents calculated energy splittings and relative line intensities. 
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TABLE 1 
rved Hyperfine Splittings (in MHz) for NH in с'П, 
and Deviations from a Least-Sq 
F" •• F ' 
Transition Q(2) 
7/2 
5/2, 
5/2, 
5/2, 
5/2, 
3/2, 
3/2, 
3/2, 
3/2, 
1/2 
1/2 
- 5/2, 
- 3/2, 
- 5/2, 
- 3/2, 
- 5/2, 
- 3/2, 
- 1/2 
* 3/2, 
- 5/2, 
-* 1/2 
- 3/2, 
Transit ion Q(3) 
9/2 
' / 2 , 
7/2, 
7/2, 
7/2, 
7/2, 
5/2, 
5/2, 
5/2, 
3/2 
3/2 
3/2 
- 7/2, 
- 5/2, 
- 7/2, 
- 5/2, 
- 7/2, 
- 9/2 
- 5/2, 
* 5/2, 
* 7/2, 
- 3/2 
- 5/2, 
- 5/2, 
Transit ion Q(A) 
11/2 
9/2, 
9/2, 
9/2, 
9/2, 
' / 2 , 
7/2, 
7/2, 
5 / 2 
5 / 2 
- 9/2, 
- 9/2, 
- 7/2, 
- 9/2, 
-11/2 
- 7/2, 
- 7/2, 
- 9/2, 
- 5/2 
- 7/2, 
Transit ion Q(5) 
11/2, 
11/2, 
9/2, 
9/2, 
7/2 
-11/2, 
-Ml/2, 
- 9/2, 
- 9 / 2 , 
- 7/2 
Transit ion Q(6) 
13/2, 
13/2, 
11/2, 
11/2, 
9 / 2 
- 1 3 / 2 , 
-»13/2, 
- 1 1 / 2 , 
- 1 1 / 2 , 
- 9/2 
Obs 
upper 
-58 
27 
79 
139 
172 
230 
283 
301 
334 
371 
389 
-39 
25 
59 
90 
113 
162 
204 
229 
258 
276 
3 
6 
3 
8 
8 
9 
4 
4 
9 
4 
5 
0 
3 
6 
7 
5 
0 
1 
9 
9 
0 
upper 
-27 
46 
69 
84 
116 
126 
155 
175 
200 
218 
39 
67 
104 
125 
164 
33 
57 
90 
109 
142 
1 
9 
6 
4 
7 
5 
1 
0 
6 
9 
1 
0 
4 
7 
3 
8 
3 
3 
2 
4 
Fr< sq 01 
A - d o u b l e t 
± 3 
± 3 
± 2 
± 3 
± 3 
± 4 
± 5 
± 5 
± 3 
± 5 
± 5 
± 3 
± 4 
± 2 
± 4 
± 3 
± 2 
± 3 
± 4 
± 3 
± 3 
0 
0 
0 
0 
5 
5 
0 
5 
S 
0 
0 
5 
A - d o u b l e t 
± 5 
± 2 
± 5 
± 4 
± 5 
± 4 
± 4 
± 4 
± 3 
± 6 
± 3 
± 3 
± 3 
± 3 
+ 3 
± 4 
± 4 
± 4 
± 4 
± 6 
5 
5 
5 
0 
5 
0 
0 
5 
5 
0 
5 
0 
5 
0 
0 
0 
0 
5 
5 
0 
)s -Cale 
0 β 
0 7 
- 0 6 
0 7 
0 0 
0 1 
-1 5 
-1 7 
- 2 0 
-1 6 
-1 7 
0 0 
2 7 
0 3 
1 5 
-0 1 
-2 4 
0 1 
1 5 
-0 β 
1 5 
2 1 
-0 2 
3 9 
-0 5 
2 6 
-1 3 
0 6 
1 4 
0 7 
-0 7 
0 2 
-0 8 
-0 1 
1 0 
1 6 
0 6 
0 7 
1 9 
4 6 
5 1 
 ν = 0 — a 
[liares Fit 
Obs Freq 
l o v e r 
-49 
35 
80 
136 
182 
235 
279 
297 
344 
365 
385 
-26 
35 
60 
88 
123 
154 
174 
201 
238 
257 
272 
- 2 9 3 
1 
1 
2 
2 
2 
2 
9 
2 
1 
4 
2 
8 
2 
4 
6 
6 
4 
2 
8 
5 
3 
1 
2 
l o w e r 
-14 
47 
95 
141 
156 
185 
200 
39 
80 
119 
162 
33 
68 
102 
138 
4 
8 
9 
4 
7 
6 
9 
5 
8 
2 
9 
6 
9 
5 
6 
ι'Δ, υ = 0 Transitions 
Obs -Cale 
A - d o u b l e t 
± 3 
± 4 
± 2 
± 3 
± 2 
± 4 
± 4 
± 4 
± 4 
± 4 
± 5 
± 4 
± 3 
± 3 
± 3 
± 3 
± 3 
± 4 
± 3 
± 4 
± 3 
± 4 
± 6 
5 
5 
5 
0 
0 
0 
5 
5 
5 
5 
0 
0 
5 
0 
5 
5 
5 
0 
5 
5 
0 
0 
0 
A - d o u b l e t 
± 6 
± 2 
± 2 
± 4 
± 4 
± 6 
± 4 
± 3 
± 3 
± 4 
± 4 
± 2 
± 2 
± 5 
± 3 
0 
5 
5 
0 
0 
0 
5 
0 
0 
5 
5 
5 
5 
5 
5 
0 1 
-0 2 
0 0 
1 0 
-0 5 
-4 1 
0 7 
-2 0 
-2 7 
-1 9 
-2 1 
1 9 
2 8 
0 7 
2 3 
-0 3 
1 8 
0 0 
0 7 
-0 2 
1 3 
0 5 
-1 8 
4 3 
0 3 
0 6 
3 2 
4 5 
1 5 
3 8 
0 0 
2 5 
b 
2 4 
-0 7 
2 2 
b 
3 2 
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F" - F" 
Transition q(7) 
15/2, -15/2, 
15/2, -15/2, 
13/2, -13/2, 
13/2, -13/2, 
11/2 -11/2 
Transition P(2) 
5/2, - 3/2, 
5/2, - 3/2, 
3/2, - 1/2, 
3/2, - 1/2, 
5/2, - 5/2 
3/2, - 3/2, 
1/2 - 1/2, 
1/2 - 3/2, 
3/2, - 5/2 
Transition P(5) 
11/2, - 9/2, 
11/2, - 9/2, 
9/2, - 7/2, 
9/2, - 7/2, 
7/2 - 5/2 
Transition Кб) 
13/2, -11/2, 
13/2, -11/2, 
11/2, - 9/2, 
11/2, - 9/2, 
9/2 - 7/2 
Obs 
upper 
29 
48 
77 
93 
121 
67 
108 
175 
215 
231 
270 
302 
359 
394 
36 
61 
96 
116 
152 
30 
52 
86 
100 
132 
Freq Obs 
A-doublet 
1 ± 5 0 
6 ± 5 5 
β ± 5 5 
5 ± 5 5 
9 ± 5 0 
6 ± 3 0 
2 1 3 0 
3 ± 3 0 
7 ± 6 0 
8 1 5 5 
2 1 5 5 
9 1 4 5 
9 1 5 5 
5 1 6 0 
6 1 4 0 
5 1 4 0 
8 1 4 0 
6 1 4 0 
0 1 4 0 
2 1 3 5 
9 + 4 0 
3 1 3 5 
8 1 3 5 
9 1 4 0 
-Cale 
0 
-0 
1 
3 
3 
-0 
-0 
-0 
-3 
-0 
-2 
-4 
-1 
-1 
-0 
-0 
-0 
1 
0 
-1 
0 
3 
2 
3 
4 
0 
0 
4 
2 
Obs Freq Obs 
lower A-doublet 
28 В 1 
61 2 1 
I 90 7 1 
J 
122 6 1 
69 2 1 
118 1 1 
181 8 1 
207 9 1 
233 7 1 
278 8 1 
296 5 1 
369 5 1 
396 4 1 
35 7 1 
72 0 1 
109 9 1 
150 9 1 
32 9 1 
64 1 1 
97 6 1 
131 6 1 
5 
5 
5 
5 
2 
2 
4 
4 
4 
3 
4 
4 
6 
2 
2 
4 
3 
3 
3 
5 
4 
0 
0 
0 
0 
5 
5 
0 
0 
0 
5 
5 
5 
0 
5 
S 
0 
5 
5 
5 
0 
5 
-Cale 
-2 2 
3 4 
Ь 
5 4 
0 7 
0 1 
0 9 
-1 6 
1 β 
-3 2 
-1 1 
-0 6 
0 4 
-1 4 
-0 6 
Ь 
2 1 
0 7 
0 7 
Ь 
4 2 
Noie The splittings are relative to the F" = J" + \ — F' = J' + j hyperfine component The quantum 
numbers F" and F' refer to the α'Δ and с'П states, while the indices (1) and (2) denote upper and lower 
energy levels in cases where F is not uniquely defining a hyperfine state The lines marked with b were not 
taken into the data set of the computer program because of severe overlap 
The constants ak are the magnetic hyperfine coupling constants of Frosch and Foley 
(75) for both nuclei and «7i and ¿fe are the quadrupole coupling constants for the 
nitrogen nucleus. 
As can be seen from Fig 1 there is clearly a difference between the hyperfine splittings 
of + < and — <—h Л-doublet transitions. The last term in Eq. (3), that corresponds 
to the ΔΛ = ±2 coupling between the states, is responsible for this difference in hyperfine 
structure for levels with opposite symmetry in the Hund's case (a) wave function in 
the с'П state. Both A-doublet levels m each rotational state of α'Δ have the same 
hyperfine structure. 
The energy matrix was first diagonahzed with estimated values for the constants 
With a proper set of constants all 120 hyperfine components could be identified from 
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TABLE II 
Observed Splittings (in MHz) in с'П, ν = 0 — а'А, υ = 0 Transitions 
Transition 
Р(2) 
Q(2) 
Q(3) 
Q(<0 
P(5) 
Q(5) 
P(6) 
q(6) 
Q(7) 
0(8) 
P(9) 
Q(9) 
Κ(β) 
PUÒ) 
QUO) 
PUI) 
QUI) 
PU2) 
Q(H) 
qU5) 
QU6) 
Obs. 
1005 
3007 
5995 
9997 
9989 
14969 
14987 
20939 
27686 
35461 
35534 
44152 
44214 
44247 
53710 
53849 
64127 
64325 
100362 
114014 
128683 
srved 
(10) 
(10) 
(15) 
(10) 
(20) 
(50) 
(20) 
(135) 
(20) 
(20) 
(20) 
U5) 
(20) 
(20) 
(15) 
(10) 
(15) 
(10) 
(70) 
(70) 
(70) 
AVJ>obs 
1005 
3007 
5996 
9999 
9985 
14973 
14979 
20947 
27701 
35485 
35496 
44168 
44190 
44190 
53767 
5Э766 
64200 
64209 
100573 
114289 
129037 
4V JW 
1 
-2 
-11 
9 
-5 
26 
32 
85 
-18 
-16 
-5 
-19 
3 
3 
5 
4 
-4 
S 
-23 
-90 
51 
Noie The column ДЕЛУ),*,, gives the Л-doublet splittings in the с'П state as obtained from the values in 
the second column and the Л doubling in the a'à state The error is 1 SD from at least four measurements. 
In the last column the deviations from a least-squares fit are given. 
calculated splittings and relative line intensities. After the assignment of the hyperfine 
transitions the constants were obtained in a least-squares fit by computer; they are 
listed in Table IV. The agreement between calculated splittings and observed data is 
very good as illustrated in Fig. 1. for the P(2) transition. The deviations between 
calculated and measured splittings are given in Table I and are smaller than the ex-
perimental error. The observed line intensities of the strongest components is somewhat 
too low relative to the weak components, which is probably due to saturation. 
The hyperfine constants can be interpreted in terms of expectation values of electron 
densities as given in Ref. (7І): 
at = 2^ мяМы<1/'-?*>ж (4) 
9, = (2//UH) - <(3 cos 2 e i N - D/rlÙT (5) 
Яг = -3<(sin2eiN)/r?í>r. (6) 
The electron densities around the N and H nuclei in the α'Δ, A3U, and с'П states 
calculated from the hyperfine constants in Ref. (13) and the present experiment are 
listed in Table V. 
The molecular orbital (MO) configuration for the α'Δ state is (Isa)2 
X (2sa)2(2pa)z(2pw)2, the same as for the ground electronic state Χ3Σ~. The с'П 
state arises from the same MO configuration as the /ί3Π state, namely, 
(\sa)2(2sc)1(2pa)(2pnY. Only ir electrons contribute to the a constant and it is not 
surprising that the average values for 1/r3 in the three electronic states are nearly equal. 
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TABLE III 
Absolute Frequencies (in cm"') for Transitions с'П, υ = 0 — α'Δ, υ = 0 in NH 
and Deviations from a Least-Squares Fit 
J 
2 
3 
10 
P-transition 
30685 
685 
30546 
545 
30490 
490 
30297 
295 
30223 
221 
30060 
0S8 
3882(35) 
3549(35) 
1970(20) 
8640(20) 
8030(20) 
3040(20) 
1853(40) 
9994(40) 
2662(20) 
7903(20) 
7432(20) 
6001(20) 
obs -cale 
-0 0021 
-0 0020 
0 0010 
0 0014 
-0 0009 
-0 ООН 
0 0025 
0 0020 
-0 0004 
-0 0005 
-0 ООП 
0 0013 
Q-transition 
30741 
741 
30728 
728 
30709 
709 
30686 
686 
30658 
658 
30626 
625 
30588 
587 
30545 
544 
30497 
495 
30444 
441 
30249 
245 
30171 
167 
30087 
083 
9716(20) 
8714(20) 
2197(20) 
0203(20) 
8154(20) 
4823(20) 
7138(60) 
2159(60) 
8307(20) 
1355(20) 
0825(50) 
1590(50) 
3627(55) 
1812(50) 
5558(35) 
0838(35) 
5024(50) 
7093(50) 
0424(40) 
9028(40) 
1117(20) 
7640(20) 
7448(20) 
9417(20) 
6423(20) 
3499(20) 
obs 
-0 
-0 
0 
0 
-0 
-0 
0 
0 
0 
0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
-0 
0 
0 
-0 
0 
-0 
0 
0 
-0 
-cale 
0004 
0002 
0010 
0020 
0017 
0016 
0025 
0030 
ООН 
0015 
0014 
0007 
0054 
0036 
ООП 
0004 
0014 
0031 
0029 
0021 
0005 
0004 
0016 
0015 
0007 
0007 
TABLE IV 
Hyperfine Constants for the β'Δ, t = 0 and с'П, υ = 0 States of the NH Molecule (in MHz) 
с
1 ! ! а ^ АЭП 
N 
106 3 ± 1 8 
И 4 ± 2 3 
- 3 2 0 ± 3 2 
58 2 ± 4 3 
НО 0 ± 0 5 
-8 0 ± 2 6 
69 6 ± 1 2 
89 6 ± 2 3 
7 1 ± 1 5 
21 9 ± 2 4 
74 1 ± 1 5 
Note The subscnpts N and Η refer to the nitrogen and hydrogen nuclei For comparison the values of 
these constants in the Λ'Π state also are given (13) 
67 
96 UBACHS ET AL. 
TABLE V 
Averaged Electron Densities around the N and Η Nuclei in the α'Δ, с'П, and Λ3Π, ι> = 0 States 
of the NH Molecule (in Units of Ю - 3 0 пГ3) 
с
1!! a ' i А3П 
<1/г2>
т
 0.74 (S) 0.88 (2) 0 9А (5) 
<1/г2>11 17 1 (3) 17.7 (1) 14 4 (4) 
< ( 3 c o s 2 e N - l ) / r ^ > T -18 3 (40) -12.0 (45) -10 2 (23) 
< 5 ΐ η 2 θ
Ν
/ ι Λ
τ
 18 4 (18) -12 7 (15) 
In the spectroscopic approximation the expression for ^  can be rewritten in terms 
of the unpaired open shell electrons if the proper sign is taken. In the previous paper 
this is done for the Λ3Π state by expressing the electronic wave functions in Slater 
determinants. An analogous procedure can be followed for the с'П state. The 
|Л = + 1, Σ = 0) Slater determinant wave function in the с'П state is chosen orthogonal 
to the |A = +1, Σ = 0) state of the A3U. multiplet (13): 
|A = + 1 , Σ = 0> = Vïj2[{a-wlnXirÎ} - {σ+πίττΐ*·:}] 
|A = - 1 , Σ = 0> = ^ [ { σ - π ί τ τ ΐ π : } - {σ 4 πίπίττ;}]. (7) 
Using these Slater determinants we calculated the expectation values for the quadrupole 
tensor elements in the с'П state2: 
ft = — <A = 1, Σ = 0|П2)(Ю|Л = - 1 , Σ = 0> 
e 
= ~ «{σ-τ;χΪχΐ}|7ΫΧΚ)Ι{σ-χ=χίΐΓΪ}> 
+ <{σ+π;7ΓΪπ:}ΐη2)(ηΙ{σ+π;1Γί7Γ:}» 
= V6[<ir;|cW1N, 01N)/r?Nk:> + <π:ΐα 2 ) (θ 1 Ν , 0IN)/r?N|7rí>] 
= -3<sin2eiN/r?N>u. (8) 
So when the expectation value of sin20iN/r?N is calculated for the unpaired electrons 
the same result is obtained as for the total electron contçibution [Eq. (6)]. This is not 
the case for the /13Π state, where the expectation values for the unpaired and total 
electron distribution differ in sign (75). Consequently a positive value for ft was ob­
tained for Λ3Π, whereas a negative value is found for the с'П state. The difference 
between the absolute values for ft in the Л3П and с'П states is not signiñcant in view 
of the limited validity of the spectroscopic approximation. 
2
 In Appendix A of (/i) some typing errors are present: 7l?J and 71') have to be ΤΫ' and Г ', respectively 
whereas the factor of - 3 in front of <іг;|СІ2)(
 1 м > <i>w)lr]N\-KZ) must be -2^6. 
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100 
η 
•100 
200 
\ 
\ . 
\ . ^ *~^· F--J*3/2 
"' — · F i j t ' ^ m 
^-.. · F=>V2(2) 
/ ^ _ r — FrJ-'All) 
^'^"^-•~-~' Р-і- гіг) 
/ > ' > - r = J - v ' 
/ . / 
/ / 
' / 
/ · * 
FIG. 2. Calculated hyperfine energy levels, relative to the unperturbed rotational state /, in the α 'Δ state. 
Because there is no contribution of the symmetry dependent eQqz matrix elements to the hyperfine structure 
in the α'Δ, the hyperfine energy splittings in both upper and lower Λ-doublet states are the same. 
The same conclusion holds for the q^ constant. We experimentally find a negative 
<7i for the α'Δ state. Also for the Χ3Σ~ state, having the same MO configuration, a 
negative value was obtained for ^ . 
Because of the fact that the measured hyperfine splittings are sums and differences 
of hyperfine energy levels, they give no direct insight into the hyperfine structure of 
both states. We plotted the hyperfine energy levels relative to the unperturbed rotational 
state J for the α'Δ state in Fig. 2 and for both A-doublet states of the с'П state in 
Fig. 3. 
MHz-
50 
-50 
-100 
vFrJ.'/îO) 
•· F=J*V2(2) 
^Fsj-Vbm 
\F.J. 
F=J· 
'/2(21 
3/2 
с Τι lupper) 
Р=>э/2 
¿F=J*Vl(}) 
'=;-F=J*'/2(2) 
4F=J-V2I1) 
'ZZ>F=1-Vin) 
\ F.J-K 
с Τι (lower) 
0 1 2 3 6 5 6 7 J 1 2 3 6 5 6 7 J 
FIG. 3. Calculated hyperfine energy levels, for upper and lower A-doublet states in the с'П state. 
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(C) Lambda Doubling 
The values of the A splittings were obtained from the separation between the 
F" = J" + | —» F' = J' + 5 hyperfine components in both parity transitions. The results 
of the observed splittings as listed in Table II are the sum of (in case of Рот R transitions) 
or difference between (in case of Q transitions) the A-doublet splittings in the initial 
α'Δ and final с'П state. The values are corrected for the small difference («4 MHz) 
in hyperfine energy of the F' = J' + 5 level in both A-doublet states of the с'П state. 
For transitions originating from higher J states (J > 7) the hyperfine structure was 
unresolved, and therefore no corrections were made. 
The A doubling in the 'Π and 'Δ states is caused by the interaction Hamiltonian 
V = -B(J+L- + y_L+) (9) 
connecting states with ΔΑ = ± 1 . The matrix elements between 'Δ and 'Π, 
(1Δ7Λ//±|Κ|1Π7Λ//±), are nonzero but equal for both symmetric and antisymmetric 
states. Consequently the A doubling has to be caused by a second-order coupling with 
the nearby blX+ state and the higher αιΣ+ state. The antisymmetric 'Δ state is unaf­
fected by the interacting 'Σ"1" states because the matrix elements between opposite 
symmetries are zero. From third-order perturbation theory it follows that the symmetric 
state is shifted downward in energy by 
Δ£ Δ = Ы - 1 MV + W + 2) (10) 
with 0д the Α-doubling parameter: 
=
 Κ'Δ^^Ι'Π^ΡΓΚ'Π,Ι^^'Σ")!2 |<'n,U?L+k/'Z+)|21 
дл
 (Еь-Е
г
)2 L (Eb-Ebz) '(Ел-Ел) J' ( ) 
Consequently the A-doubling in the α'Δ state is much smaller than in the с'П state 
where it is caused by a first-order interaction with 'Σ states. Ramsay and Sarre (4) 
extended the expression for the A-doublet splitting in the с'П state with a centrifugal 
distortion term. For the present analysis we need an expression for Δϋ, which includes 
centrifugal distortion up to a third order: 
AEM) = QJ(J + 1 ) + g?J2(J + 1 )2 + Q "J \J + 1 )3 (12) 
with 
„rK'n.lgLj^)!2 , Κ'Π,Ι^Μ'ςΟΗ 
L ( £ , - Ebï) (Е
ж
 - Ел) J 
and q° and 9" the centrifugal distortion parameters. 
The 6 ^ + state, lying 22121 cm"' below the с'П state causes an upward shift of the 
symmetric с'П levels, whereas the ί/'Σ+ state at 39512 cm - 1 above the с'П state causes 
a downward shift of the same levels. The antisymmetric с'П is unaffected. In an 
analysis of the с'П —» ο 'Σ + band system Whittaker (79) showed that the interaction 
of the ¿'Σ"1" state is stronger and therefore the upper A-doublet levels of the с'П state 
have positive symmetry for the electronic part of the wave function. 
The parities of the upper and lower A-doublet states in both с'П and α'Δ do not 
follow straightforwardly from a rotational analysis of the с'П «— α 'Δ transition, because 
7П 
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both states split in positive and negative parity states, thus allowing for two possible 
+ «-» - transitions. The situation is different for transitions to 'Σ"1^ or ' Σ - states from 
which the parities in the с'П state can be determined. In their analysis of the άιΣ+-
с'П and ί ι Π-6 1 Σ + transitions Lunt et al. (20, 21) showed that the parities in the с'П 
state are ( - / for the upper A-doublet state and (-)'/ + l for the lower state. From the 
fact that observed splittings in P(J + 1) transitions are larger than in Q(J) transitions 
(Table II), we deduce: parity (-)''+1 for the upper A-doublet state and ( - / for the 
lower one in the α 'Δ state. Application of the reflection operator σ
χζ
 to the symmetrized 
wavefunctions with the reflection symmetry of the electronic part derived in the Slater 
determinant formalism as described in Appendix A of Ref. (13) 
a
xz\
xYUMj±) = ±(-/|'ПУЛ/у±> 
σ
χζ
\ ' Δ JM,±> = ± ( - / | ' ДУМ
У
±> ( 14) 
gives a relation between the parity of the state and the symmetry of the corresponding 
wave function. It follows that the upper A-doublet state in с'П and the lower one in 
α'Δ corresponds to a symmetric wave function. This is in agreement with Eq. (13), 
an upward shift in the c' Π state, and with Eq. ( 11 ), a downward shift in the a ' Δ state, 
for the symmetric wave functions. Furthermore in the analysis of the hyperfine struc­
ture, where'matrix elements for the eQqi interaction yield different contributions for 
symmetric and antisymmetric states in с'П, the sign of the #2 constant is obtained 
correctly only if the upper A-doublet states in с'П are of positive symmetry. 
In Fig. 4 it is shown how the observed splittings in P(J + 1) transitions [i.e., 
bv¡{J + 1)] and 0(7) transitions [i.e., Δ ^ / ) ] can be evaluated in terms of sums and 
c'Tt 
i 
ì 
ΔΕτιϋ) 
P(J»i) 
1 
ΔΕΔϋ.1) 
ΔΕ Δ 0) 
I 
, 
Q( 
α'Δ 
panty symmetry 
FIG. 4. Scheme (nol lo scale) of transitions between upper and lower A-doublet states in с'П and а'Д. 
The panty is an alternating quantity in J and should be multiplied by (-1/. 
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differences of Л-doubling energies &ET(J) and AEÁ(J) in the с'П and α'Δ state, re­
spectively: 
Д ^ У + 1) = AE
r
(J) + àEA(J+ 1) 
Av^J) = АЕ
Ж
(Л - Δ£Δ(./). (15) 
It follows that 
AEb(J) + AEA(J + 1) = AMJ + 1) - Av¿J). (16) 
There is an analogous relation for the differences of the splittings in R(J) and 
Q(J + 1) transitions: 
AE
Д
(У) + Δ£ Δ (7 + 1 ) = Ai>R(J) - Av¿J + 1 ). (17) 
According to Eq. (10) this sum of Л-doublet energies in the α'Δ state is related to the 
Л-doubling constant q^. by 
Δ£Δ(7) + Δ£ Δ (7 + 1 ) = M2J(./ + 1 )2(У + 2 ) . (18) 
The observed frequency differences from Eqs. ( 16) and ( 17) are plotted in Fig. 5 as 
a function of 2/(7 + 1)2(У + 2). The deviations from a straight line are well within the 
experimental errors. From a least-squares fit we obtained for the Л-doubling parameter 
in the α'Δ, ν = 0 state the value q^ = -4.82 ± 0.31 kHz. 
From the values in Table IV the Л-doubling in the с'П state also was obtained. 
After correction for the Л doubling in α'Δ the values were fitted to Eq. (12) resulting 
in the Л-doubling constants that are presented in Table VI. The present values are in 
agreement with the results of Ramsay and Sarre {4) within their quoted errors. 
No ab initio calculations of the Л-doubling constants in с'П and α'Δ are available. 
Whittaker (19) has calculated q* in the pure precession approximation. In the as­
sumption that 
Κ'Π,ΙΖΪΖ,,ΙΟ'ςΟΙ
2
 = Κ'Π,Ι^^^'Σ^Ι
2
 = IBI 
ΔΕΔα)»ΔΕΔ0*1) [MHz] 
1(5) Мб) 1(9) НЮ) KW 
f(J) = 2J(J*1)2(J»2) 
FIG. 5. Sum of Л-doublet splittings in ο'Δ for two succesive J states as a function o(2J(J + \Y(J + 2). 
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TABLE VI 
A-Doubling Constants for the α'Δ, υ = 0 and с'П, υ = 0 States of NH 
present values Ramsay and Sarre (4) 
qi| 502.2 ± 0.3 MHz 498 2 ± 5 4 MHz 
qD - 0.136 ± 0 004 MHz - 0 084 ± 0 027 MHz 
qH 0.121 ± 0.013 kHz 
q. -4.82 ± 0.31 kHz 
he obtained the value qT = 477.3 MHz which is surprisingly close to the experimental 
value. In this approximation Eqs. (11) and (13) give the relation between q, and q^. 
(ΒΛ2 K'AallL+l'II,)!2 Γ(£Δ - £ » ) - ' + (£ д - Е д Г 1 ! 
The matrix elements o(BL+ can be evaluated in terms of determinantal wavefunctions. 
With the expression (7) for the 'Πι wavefunction and 
|A = 2, Σ = 0> = {σ+σ-π;π:} (20) 
the pure precession approximation gives 
( ' Д д а + Щ , ) = - ^ [<σ+ |51+ |πί> + <*-ЦП+к:>] 
= 25 (21) 
where 1+ is the single electron operator as applied in Appendix A of Ref. (75). Sub­
stituting for В the value in the α'Δ state we obtain 
0Δ = -1.06 X Ю
- 5
 X q, = -5.36 kHz 
which is not far off from the experimental value. 
(D) Rotational Structure 
Absolute frequency measurements were performed in order to determine the ro­
tational constants and the centrifugal distortions in the α'Δ, ν = 0, and с'П, ν = 0 
states. The absolute frequencies were obtained from a simultaneous recording of the 
UV spectrum of NH and the absorption of the fundamental laser frequency at 
λ = 658 nm in an iodine cell. For several rotational transitions frequency differences 
of the strongest hyperfine component of both parity transitions to the adjacent I2-
absorption lines were measured in units of markers of our stabilized interferometer. 
For the higher J transitions, where the hyperfine structure could not be resolved the 
geometrical center of the transition was determined. The estimated error in every 
measurement is 60 MHz or larger, due to the drift of the interferometer and in particular 
to the inaccuracy in the determination of the center of the broad and not always 
symmetric iodine lines. The corrections to the wavelengths in the /2 atlas (22, 23) of 
—0.0056 cm~' were taken into account. In Table III the absolute frequencies of the 
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observed с'П, ν = 0 *— a1 A, υ = 0 transitions are given. The measurements for tran­
sitions from the lower J levels are already corrected for the difference in hyperfine 
splitting in both с'П and α'Δ states. 
For the rotational energies in the с'П and α'Δ states the following expressions are 
used: 
E* = BA[J(J + 1) - 4] - Db[J(J + 1) - 4]2 + НД[ДУ + 1) - 4]3 
- Lb[J(J + 1 ) - 4]4 + òsrfdJ -l)J(J+\)(J + 2) (22) 
Er = POO + BMJ + 1) - Π - DAAJ + 1) - I]2 + HT[J(J + 1) - Π3 
- LT[J(J + 1 ) - 1 ] 4 + àsJgJV + 1 ) + q?J2(J + 1 )2 + q?J3(J + 1 )3]. (23) 
In these expressions, with ¿s^ = 1 for symmetic and 0 for antisymetric states, it is 
assumed that only symmetric states are shifted by the Л doubling, in contrast to 
Ramsay and Sarre (4). In a least-squares fit the experimental absolute frequencies 
were compared to Eqs. (22) and (23) where the values for q
r
, q?, q", and qà as given 
in Table V were substituted. The resulting values for the rotational constants are listed 
in Table VII. 
The deviations between measured and calculated values are in most cases smaller 
then the stated experimental errors, which indicates that Eqs. (22) and (23) are good 
representations for the data and that the experimental error in the absolute frequency, 
determined relative to the h standard, is smaller than 60 MHz. The calculated error 
in the rotational constants is roughly a factor of 4 smaller than the error in the best-
known values as given by Ramsay and Sarre {4), who also incorporated the data of 
Pearse (7) in their analysis. The new values for the α 'Δ state lie within the error limits 
of the old values for the rotational constants. For the с'П state, we find deviations 
TABLE VH 
Rotational Constants (in cm"') for the α1 Α, ν = 0 and с'П, υ = 0 Sutes of NH 
V 
o o 
В
д 
DÄ 
Η 
LA 
В 
D 
Η 
L¥ 
p r e s e n t ' 
30704'. 0 7 4 3 
1 6 . 4 3 1 9 7 
1 . 6 6 5 7 
0 . 8 8 7 
1 . 1 4 1 
1 4 . 1 4 2 0 3 
2 . 2 2 2 0 
- 2 . 0 6 1 
0 . 9 9 9 
v a l u e s 
( 3 2 ) 
( 2 0 ) 
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с'П, ν = О — β'Δ, υ = О BAND OF NH 1 0 3 
from Ramsay and Sarre's (4) values, especially for the 5 , constant. This is a conse­
quence of their treatment of the relatively large Л doubling in the с'П state with equal 
upward and downward shifts for levels having positive or negative symmetry. The 
value for the band origin depends of course on the absolute calibration of the h atlas 
(22), where an absolute error of 60 MHz had been claimed (23). We choose not to 
enlarge our experimental errors with this calibration error of the I2 standard. For the 
determination of accurate rotational constants only the relative errors in the h lines, 
i.e., 0.0005 cm - 1 or 15 MHz, is relevant. 
5. CONCLUSION 
The molecular beam apparatus, with its coaxial microwave cavity for the NH pro­
duction is a powerful tool for spectroscopic studies of molecules in various electronic 
states, including metastable state radicals. The very narrow molecular beam together 
with a tunable narrowband UV source allow for high-resolution studies of these mol­
ecules. As far as the NH molecule is concerned besides the Χ3Σ~ ground state and the 
metastable a 'Δ state, the other ¿J I2+ metastable state might be detected in the same 
setup with available narrowband blue dye lasers in the с'П <— 6'Σ+ transition at 
λ = 450 nm. The radiative lifetime of the NH(¿>'2+) state is 53 msec according to 
Blumenstein et al. (24), long enough for detection in a molecular beam. 
With the present investigation the hyperfine constants in four electronic states of 
NH, the ХЪЪ~, α'Δ, Л3П, and с'П are known within 1%. This opens the possibility 
to test ab initio calculations on this relatively simple molecule. 
From relative frequency measurements we obtained for the first time an accurate 
constant for the Л doubling in a Δ state. In the past Caton and Douglas (25) determined 
a Л-doubling parameter for the ВЕСА) molecule and recently Brazier and Brown (26) 
did the same for €Η(2Δ), but with a much lower accuracy. 
The absolute frequency measurements enabled us to improve the values for the 
rotational constants by a factor of 4. We were limited by the accuracy in the calibration 
of the /2 atlas and particularly by the width (~1.5 GHz) of the Ij lines as measured 
in an absorption cell. By the use of a Better absolute wavelength calibration standard, 
it should be possible to gain another factor of 10 in the accuracy. We hope that in the 
future the accuracy of the relative frequency measurements also can be further im­
proved by the use of a better temperature-stabilized interferometer with a smaller free 
spectral range (75 MHz). 
RECEIVED: February 11, 1985 
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CHAPTER VI 
Hyperfine structure and lifetime of the С 2 Σ + , ν = 0 state of CH 
Wim Ubachs, Gerard Meyer, J J ter Meulen, and A Dymanus 
Fysisch Laboratorium, Katholieke Universiteit Nijmegen Toernooiveld, 6525 ED Nijmegen, The Netherlands 
(Received 2 October 1985, accepted 3 December 1985) 
From a laser induced fluorescence (LIF) expenment on a molecular beam of CH, we have 
obtained the b and с hyperfine constants, the γ and γ0 spin-rotation constants as well as accurate 
values for the rotational constants B, D, and Η for the Сг1+, = 0 state From measurements of 
the hnewidths, that are partially caused by predissociation, and by comparing relative line 
intensities, we determined different lifetimes for upper ( ƒ", ) and lower (F2 ) /o-doublet states of the 
С'
21* state Forthe/", states wefindaconstant lifetimeof3 7 ± 10 ns, that is independent of N, 
while for the Р
г
 states we observed an increase m lifetime for higher TV up to 8 0 ± 1 5 ns for 
Л
г
= 11 
I. INTRODUCTION 
The carbon hydnde radical has been a subject of many 
spectroscopical as well as astrophysical investigations From 
optical absorption spectra it was established a long time ago 
that CH is a very important constituent of stellar atmo­
spheres In interstellar space the first identified molecules 
were CH, CH "", and CN ' 2 , CH was detected in the heads of 
comets from its fluorescence radiation induced by sunlight ' 
In these regions the emission and/or absorption spectra of 
the Λ 2Δ-Λ'2Ι1, Β ^ Σ " - * 2 П , and Сг1*~Х1\\ transitions 
at 430, 390, and 314 nm, respectively, are observed Also in 
organic chemistry CH plays an important role, it is the emit­
ter of the blue light in the combustion flames of all organic 
compounds The CH radical is also of theoretical impor­
tance, it is a simple example of a diatomic molecule with only 
seven electrons in an open shell configuration, well within 
the capabilities of detailed ab initio calculations 
The optical spectra of the Α 2Δ-ΛΓ 2 II, Β 2Σ--ΛΓ 2 Π, and 
С
 2
Σ
+
-Λ'
 2
Π transitions were analyzed by Gero 4 A number 
of absorption spectra of CH in the vacuum ultraviolet, in­
volving transitions to the D 2 I I , £ ' 2 n , a n d i 2 Σ ' states have 
been investigated in the laboratory by Hcrzbcrg and Johns 5 
A detailed analysis of the Χ2 Π ground state was performed 
by Evenson et al ,6 who observed rotational transitions in the 
electronic ground state by laser magnetic resonance The 
astronomers7" succeeded first to measure the Л-doublet 
transitions at 3 3 GHz of the lowest rotational state J = 1/2 
in the Χ 2Π state Recently Bogey et al, and independently 
Brazier and Brown'0 investigated the microwave spectrum 
of the А" 2Π state for several rotational transitions in the labo­
ratory and obtained accurate rotational, Λ doubling and hy­
perfine constants for the X 2II state Brazier and Brown also 
analyzed the hyperfine structure and Λ doubling m the Λ 2Δ 
state of CH 
Predissociation of the С 2 Σ + state of CH was observed 
in several investigations ' " " " For the low-lying electronic 
states of CH this process is also of astrophysical importance, 
as it may serve as a destruction mechanism for CH in inter­
stellar clouds There has been some discussion on the life­
time of the С 2 Σ + state, on the perturbing slate responsible 
for the predissociation and whether/", and /^ levels are pre-
dissociated by different rates 
In the present investigation, a molecular beam laser in­
duced fluorescence (LIF) expenment, the hyperfine struc­
ture in the C21* state was resolved for the first time and 
accurate values for thep-doubling and rotational constants 
including centrifugal distortions were obtained We also ob­
served an anomalous intensity distribution in the LIF signals 
between transitions to upper ( ƒ", ) and lower (У^) /j-doublet 
states in С 2 Σ + The lifetimes of F¡ and F2 /j-doublet states 
in 0 2 Σ + were determined from an analysis of the observed 
hnewidths The values obtained for the relative F, and /^ 
lifetimes are consistent with a strongly anomalous intensity 
distribution that we observed in the LIF signals from F¡ and 
F2 states 
II. EXPERIMENTAL 
The CH molecules are produced in a glass reaction tube 
similar to the one used for the production of SH molecules l 6 
From a microwave discharge (100 W at 2 45 GHz) in a 
mixture of H 2 0 and O2 atomic hydrogen and oxygen is flow-
ing into the reaction zone where C ; H, is added via small 
holes at the end of the glass tube The production mechanism 
is probably the same as described by Filseth et al,11 who 
dissociated 5% H2 or 5% Oj in Ar gas mixtures in the micro-
wave zone They found that CH is produced in both Α 2Δ 
and Λ"2!! states Intense blue chemiluminescence from the 
Α
 2Δ —• X 2II transition at 430 nm was visible from the reac­
tion zone, indicating that at least part of the CH molecules 
are formed in the Α 2 Δ state Optimal production conditions 
were 2 mbar H 2 0 and 7 mbar 0 2 at the inlet of the glass tube, 
while C2H2 at a pressure of 15 mbar was added through 
small holes in the glass tube, resulting in a pressure of 0 1 
mbar measured near the reaction zone that was pumped by 
two rootspumps with a total capacity of 500 m 3/h When, 
instead of the Η 2 0 / 0 2 mixture, only H 2 0 was dissociated in 
the discharge, the CH production decreased by a factor of 5 
and the chemiluminescence disappeared From reactions of 
C 2 H 2 with only one atomic species Η or O, obtained from 
discharges in pure H 2 or 0 2 , no CH signals could be ob­
served Attempts to produce CH in reactions with CH» were 
also unsuccessful 
The glass tube was positioned in front of a 0 1 mm wide 
and 2 mm high boron-nitnde slit opening, that forms the 
source of the molecular beam machine We found it essential 
that the inlet holes for the acetylene gas are as close as possi-
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FIG 1 Recording of part of the С 2Σ * <— X 'Il spectrum of CH m a 75 GHz continuous scan of the laser. 
ble to the beam source, in order to avoid collisional quench­
ing of the unstable CH radicals. 
The CH molecules were excited by a perpendicularly 
incident UV-laser beam and detected by laser induced flu­
orescence (LIF) at a distance of 15 cm from the beam source 
in the same way as in previous investigations on SH and NH 
radicals.1618 The UV-laser radiation was obtained from a 
stabilized single frequency ring dye laser that is frequency 
doubled by a LilOj crystal inside the cavity. The measure­
ments were performed with an average UV power of 2 mW 
with a bandwidth of 0.5 MHz. The molecular beam was me­
chanically chopped at 120 Hz in order to apply phase sensi­
tive detection of the LIF signals. The blue chemiluminescent 
background radiation from the reaction zone was sup­
pressed by UV transmission filters (Schott-UGl 1 ) in front 
of the photomultiplier tube. The noise was therefore deter­
mined by the stray light of the laser beam. Simultaneously 
with the LIF signals of the CH molecules we recorded fre­
quency markers of a pressure and temperature stabilized in­
terferometer for relative frequency measurements and the 
absorption spectrum of I2 at the fundamental laser frequen­
cy (Я = 628 nm) for absolute frequency measurements. 
III. SPECTROSCOPY OF THE C 2 1 + STATE 
A. Measurements 
In total 27 C2X+ «-ΛΓ2Π transitions at λ = 314 nm 
c
2i* - x2n 
were detected. The signal-to-noise ratio was typically 20 at 
RC = 1 s for the strongest transitions as can be seen from 
Fig. 1. All the spectra show a doublet structure due to the 
hyperfine splittings in the ground and excited state caused by 
the spin of the hydrogen nucleus. The hyperfine doublets for 
the transitions Q, (N) for N = 1-7 and 9, Q2(N) for .V = 2-
9,Ρ
ι
(Ν)ίοτΝ= l,2,and4,/>2(Ar)forA'=3and4,.R,(iV) 
ίοτΝ= 1 and2andÄ2(Ar) for Ν = 2 and 3, and two transi­
tions eÖ21(l) a n d ^ n d ) originating in the II1/2, J = 1/2 
ground state were carefully recorded at least four times. 
Apart from these 27 also the Q¡(.N) and 02(ΛΓ) transitions 
uploN = 11 and N = \9, respectively, could be measured, 
but for reasons given below these were not considered in the 
spectroscopic analysis. One example of a recording of the 
nearby lying transitions ß2(2) and Q7(6) is shown in Fig. 2. 
The hyperfine splittings that were obtained from a compari-
son with the simultaneously recorded markers of the exter-
nal interferometer with a free spectral range (FSR) of 
299.41 ± 0.02 MHz at the fundamental laser frequency are 
listed in Table I. 
Unfortunately the /j-doublet splittings in the C22 + 
state could not be detected in single continuous laser scans 
because the satellite branches, such as QP2,(N) are very 
weak for CH. Only the N = 1 ^ -doublet splitting could be 
obtained directly and the frequency separations between hy-
perfine components of upper and lower p-doublet states in 
N = 1 are listed in Table II. 
_л_ + V 
- 59Θ.Θ2 M H z - - -J 
FIG. 2 Recording of the nearby lying С 2Σ " .-.Г'П, 6,(2) and g,(6) hyperfine doublets 
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TABLE I Observed hyperfine splittings (in MHz) forCH in the Ci*, 
υ = fc-Jf 1Π, υ = 0 transitions 
Transition Observed splitting 
0
β 2 , ( 1 ) 
β
Λ,,(1) 
СП) 
ß,(2) 
ß,(3) 
β, (4) 
ß,(5) 
ß.t*) 
ß,(7) 
ß,(8) 
ß,(9) 
ß2(2) 
ft(3) 
ß2(*) 
ß2(5) 
ß2(i) 
ß:(7) 
ß^f«) 
ß2(9) 
леи 
Л(2) 
Л (4) 
Λ(2) 
Λ(3) 
Λ(4) 
Я,(1) 
Ä,(2) 
Л
г
(2) 
ÄjO) 
224 6 ± 9 0 
337 8 ±100 
352 3± 40 
338 5+ 5 0 
339 6 ± 5 0 
333 7 ± 3 0 
331 5 ± 3 0 
332 1± 3 5 
335 1+ 3 0 
332 0 ± 8 0 
337 1± 8 0 
300 1± 3 0 
3154± 30 
3164± 30 
321 4 ± 3 0 
322 6 ± 3 0 
324 8 ± 6 0 
327 0 ± 3 0 
328 5 ± 4 5 
635 0 ± 5 0 
386 9 ± 5 5 
362 5 ± 3 0 
234 I ± 5 0 
328 8 ± 5 0 
338 1 ± 3 0 
350 3 ± 3 0 
351 5 ± 4 0 
350 5 ± 3 0 
345 0 ± 3 0 
The absolute frequencies of the transitions are obtained 
from frequency spacings between the CH fluorescence lines 
and tabulated I2 absorption lines19 at the fundamental laser 
frequency λ = 628 nm The accuracy of the absolute fre­
quencies is limited to 60-100 M H z because of the large 
Imewidth ( ~ 1 5 G H z ) of the iodine lines The absolute fre­
quencies obtained are listed in Table III The corrections for 
the calibration error2 0 of the I2 lines of 0 0056 c m - ' is ac­
counted for 
In the Q branch the rotational transitions lie very close 
to each other, so that they can be covered in a continuous 
scan without mode hops of the laser This is shown in Fig 1 
for an overview scan of 75 G H z Especially the g 2 branch is 
very dense with two bandheads at N = 3,4 and JV = 15,16 
These small frequency differences between rotational transi­
tions, listed in Table IV, allow for a very accurate determina­
tion of the rotational constants in the С 2 Σ + state 
TABLE И Observed splittings (in MHz) between upper and lower p-
doublet states in the С'2*, υ = 0, JV = 1 state of CH, and deviations from 
the least squares fit 
Lower Upper 
state state Observed splitting Obs-Calc 
/ = 1 / 2 , F = I y = 3 / 2 , F = l 16844+ 80 20 
J=in,F=0 J=in,F=2 1795 3 ± 1 2 0 - 5 8 
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TABLE HI Observed frequencies (mem - 1 ) forC'Z*, ti = 0*-jr2n, 
ν = 0 transmons of CH and deviations from a least squares fit Only the 
highest F hyperfine components are given 
Transition 
' C u d ) 
0
й і ( 1 ) 
0
Л„(1) 
ß,(l) 
ß,(2) 
ß,(3) 
ßi(4) 
ß.(5) 
ß,(6) 
ß,(7) 
ß,(9) 
Λ(1) 
p, m 
Λ (4) 
Λ,(1) 
Я,(2) 
ß2(2) 
ßzO) 
&(4) 
β,Ο) 
в
г
(6) 
QAV 
&<8> 
β,(9) 
Ρ2(2) 
Λ(3) 
W ) 
«2(3) 
Observed frequency 
31777 270 4(60) 
31805 832 9(50) 
31805 9006(80) 
31788 019 8(20) 
31789 738 4(20) 
31790 877 9(40) 
317919042(20) 
31792 930 1 (20) 
31793 998 1 (20) 
31795 1117(20) 
31797 435 9(20) 
31759 475 3(40) 
31732 586 7(40) 
31677 570 9(50) 
31844 9900(60) 
31874 965 0(30) 
31795 8444(20) 
31794 9310(20) 
31794 899 4(20) 
31795 263 5(20) 
31795 866 4(20) 
31796 632 6(40) 
31797 509 6(20) 
31798 452 8(20) 
31738 645 5(20) 
31709 100 3(30) 
31680 467 7(30) 
31908 060 2(20) 
Obs-Calc 
00060 
0 0008 
00117 
0 0007 
-00028 
-00040 
00009 
00013 
00015 
-00007 
0 0003 
0 0048 
-00005 
- 0 0087 
00019 
0 0025 
- 0 0003 
-00015 
- 0 0016 
-00006 
-00006 
-00002 
00002 
00001 
-00018 
0 0043 
0 0020 
00006 
Β. Analysis 
The results of the line splittings and absolute frequencies 
have been fitted to an effective Hamiltoman for the C 2 X + 
state 
Н = Н
Ш1+Н„+НЫ, ( 1 ) 
with 
Я „ > 1 = . В І Ч
2
- £ > М 4 + / / Х ' , ( 2 ) 
TABLE IV Frequency separations (in MHz) between rotational transi­
tions С 2Σ + «— .Υ 2Π for CH, as measured in continuous scans of the laser 
The first (second) splitting is between hyperfine components lowest (high­
est) in frequency In the last column the deviations from a least squares fit 
are given 
Observed splitting Obs-Calc 
β,ίΠ-β,ίΣ) 516361 + 300 78 
ßi(4)-ß,(5) 30 754 8 ± 1 0 0 7 9 
30 752 6 ±10 0 7 3 
ß2(3)-ß2(4) 945 6 ± 4 0 0 3 
944 6 ± 4 0 0 3 
ß,(7)-ß2(5) 4 885 0 ± 8 0 4 7 
4 866 8 ± 10 0 - 4 7 
ß2(2)-ß2(6) 6586± 40 - 7 8 
681 6 ± 5 0 117 
ßi(9)-ß2(8) 2 546 9 ±12 0 2 9 
2 536 7 ± 1 0 0 - I l 
QtW-QiW 28 280 8 ±10 0 0 3 
28 281 4 ±10 0 0 5 
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Ubachs et al CI' state of CH 3035 
• Τ Ί , Ν ^ Ν · S, (3) 
(4) 
H
m
 represents the rotational energy and centrifugal distor­
tions in terms of the quantum number N of the molecular 
end over end rotation, H„ gives the spin-rotation interaction 
(p doubling), also including a centrifugal distortion, and 
Hh! describes the hyperfine interaction between the electron 
spin and the spin I of the hydrogen nucleus. On the basis of 
pure Hund's case (b) wave functions | 2 Σ + NSJIF) in the 
coupling scheme J = N + S, F = J- |-Iwe calculated the 
matrix elements of the Hamiltonian N between states of 
equal total angular momentum F: 
<2Σ+ NJ = Ν-\ηΐΡ=Ν-\\Η\2τ+ N-2J = N-ì/2IF=N-\) 
= - с ЛГ(ЛГ+1)/2(2ЛГ- 1), 
< 22+ЛГ/ =N- l/2IF = N- \\Η\2Ί+ NJ = N-\niF = N-\) 
= BN(.N+ 1) -DN1(N+ \Ϋ + ΗΝ\Ν+ Ι ) 3 - \ηγ(Ν + 1) 
+ \/2YDmN+ \)2-\/A{c-b(2N- \)}/(2N- 1), 
(2Z+NJ =N-U2IF=N\H\21+ N J=N-\/2I F=N) 
= BN(N+ \)-DN2{N+ ly + HN^N+l)3- 1/2γ{Ν+ 1) 
+ l/2rDN{N+ l ) 2 + \/4{c-b(2N- \)}/(2N + 1), 
(21+NJ =N- \/2IF = N\H\2l+ NJ=N + \/2IF=N) 
= (2Ъ* NJ=N+ \/2ΙΡ=Ν\Η\2τ+ NJ = N- \/2IF=N) 
= - (.2b + cUN(N+ \)/2(2N+ l ) , 
( 2 Σ + NJ = N + 1/2 IF= N\H | 2 Σ + N J = N + 1/2 IF= N) 
= BN(N+\) -DN2{N+ \ ) 2 + HN:>(N+ l ) 3 + 1/2γΝ 
- l/2rDN
2(N+ 1) - \Mc + b<.2N +3)}/(2N + 1), 
< 2 Σ + NJ =N + l/2IF = N + l\H\2Σ,• NJ = N + Ì/2IF = N +1) 
= ΒΝ(Ν + 1) - D N 2 ( N + l ) 2 + HN3(N + l ) 3 + 1/2γΝ 
- 1/2γ„Ν2(Ν+ 1) + 1/4{с + b(2N + 3)}/{2N + 3). 
(5) 
(6) 
(7) 
(8) 
(9) 
So there are contributions from matrix elements between 
states with AN = ± 2 and AN = 0; matrix elements with 
ДІ = 0 and AJ = ± 1 represent couplings between differ­
ent p-doublet states. There are no contributions from 
AN= ± 1 matrix elements because the corresponding 
states have opposite panty and therefore do not interact. 
For every rotational state TV the energies of the four hy­
perfine states can be calculated by rearranging the matrix 
elements in three 2 X 2 matrix blocks for F = N - 1, F = Ν, 
and F = Ν + 1 that can easily be diagonalized. In order to fit 
the observed hyperfine splittings from Table I to the calcu­
lated splittings from the matrix diagonalization the hyper­
fine structure in the 2II states has to be regarded as well. The 
two lines of the observed doublet originate in different hy­
perfine states of 2II and therefore the hyperfine splitting in 
the 2ΓΙ state has to be subtracted. Actually there are four 
hyperfine transitions, two of them are usually weak and 
overlapped by the two strong components, resulting in a hy­
perfine doublet. We have corrected the splittings for overlap 
by the weak transitions by 
(Ш) 
I 
cept for the 62(2) transition where it is 10.5 MHz, because 
of the relatively large intensity of the weakest hyperfine com­
ponent. By this procedure, and by averaging the results from 
different transitions to the same/?-doublet state, e.g., Q2(N) 
TABLE V Hyperfine splittings (in MH?) forCH in lheC2£*, u = 
and deviations from a least squares fit 
Ostate 
AEcol=AEUhf ƒ „ , / ( ! + ƒ „ , ) , (11) 
where /rcl = /„ /ƒ, is the calculated ratio between intensities 
of weak and strong transitions and AE„
 hr is the energy dis-
tance between the two hyperfine levels m the X 2U state. In 
all cases the overlap correction is smaller than 4 MHz, ex-
N 
0 
H 
8 
9 
9 
J 
1/2 
1/2 
3/2 
3/2 
5/2 
5/2 
7/2 
7/2 
9/2 
9/2 
11/2 
11/2 
1Э/2 
13/2 
15/2 
15/2 
17/2 
17/2 
19/2 
Observed splitting 
6 1 7 7 ± 5 0 
2 3 2 4 ± 4 0 
3 5 4 0 ± 3 0 
2640 + 50 
331 l - t 2 0 
278 7 + 3 0 
323 8 ± 2 0 
280 3 ± 3 0 
3 1 7 3 ± 3 0 
285 6 + 40 
313 0 ±3.0 
287 8 ± 3 0 
312 1 ± 4 0 
2909 + 60 
3140 + 40 
2 9 3 5 ± 4 0 
3 1 0 0 ± 8 0 
295 6 ± 5 0 
3145 + 80 
Obs-Calc 
- 1 8 
- 2 9 
00 
-1.7 
- 1 1 
24 
08 
- 17 
- 0 6 
01 
- 16 
- 0 1 
-из 
12 
33 
25 
06 
35 
62 
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TABLE VI Molecular constants for CH in the С 2Σ ', υ = 0 state 
Я* 
Dt 
«! 
Г 
YD 
ь 
с 
Ь + сП 
31791645 6 
427 382 Э 
47 852 
± 
± 
± 
0002 47± 
1 190 7 
0 667 
6006 
56 6 
619 5 
± 
± 
± 
± 
± 
00005 
1 1 
0 028 
0000 18 
33 
0 042 
15 
10 2 
35 
cm ' 
MHz 
MHz 
MHz 
MHz 
MHz 
MHz 
MHz 
MHz 
TABLE VIH Observed frequency separations (in MHz) between 
C ' i * «-ЛГ'ПСгМ transitions for CH Only the splittings for the high 
est /'components are given 
Observed sphtting 
e2(12)-C2(lll) 
β2(18)-β2(13) 
a(i3)-e2(i7) 
е
г
(П)-с2(і4) 
ß2(l'»)-ßi(15) 
β2(13)-β2(Ιβ) 
11 1810±150 
114066±200 
15 221 5 ±15 0 
1922 0 ± 8 0 
9753O±100 
183 0 ± 6 0 
and P2(N + 1 ), we obtained the hyperfine splittings within 
each \NJ ) state of С 22 + The results are listed in Table V 
The data of Tables II and V were fitted to the calculated 
energies from the matnx diagonahzation in a least squares 
mimmalization program which yields the hyperfine con­
stants b and с 
The rotational and hyperfine structure in the Λ"2!! 
ground state was calculated in the jV-matnx formalism as 
described by Brown et al21 For the hyperfine parameters a, 
b, c, and d, the A-doubling parameters g, gD, gH,p,pD, and 
pH, the rotational constants B, D, and Я and the spin-orbit 
and spin-rotation constants^ and γ we used the most recent 
and accurate values from a fit that incorporated all micro­
wave and LMR data 1 0 In a second least squares fit the data 
of Tables II, III, and IV were compared to the calculated 
values for the absolute frequencies of and the frequency sep­
arations of the Сг1^-ХгХ\ rotational transitions, yielding 
the rotational and p-doubling constants, including centrifu­
gal distortions of the C 'Z 4 state In spite of the precise 
determination of the transition frequencies and frequency 
separations for rotational states with N larger than 10, we 
did not include these data in the fit Because of the low mass 
of the CH molecule, higher order centrifugal distortions for 
the rotation in both ground and excited state, the Λ doubling 
in the Χ 2Π state, and the ρ doubling in the С 2 Σ + state 
would be needed to obtain a reliable fit within the accuracy 
of the experimental data The molecular constants for the 
С
 2
Σ "' state of CH obtained from the spectral data up to 
N = 9 are listed in Table VI In Table VII the observed abso­
lute frequencies and in Table VIII the frequency separations 
of the additionally measured Q2(N) transitions are given 
together with the frequencies calculated from the constants 
derived The increasing differences between observed and 
TABLE VII Observed frequencies (in cm ') for additional C : S + , 
v = 0*— X2\\ υ = 0 transitions of CH not included in the fit and deviations 
from calculated frequencies Only the highest F hyperfine component is giv 
Transition 
62(12) 
ОгСЗ) 
Oíd*) 
02(15) 
0,(16) 
02(17) 
02(18) 
Observed frequency 
31 801 2433 (40) 
31 801 9945 (40) 
31802 5662(40) 
31802 8915(40) 
31 802 8976 (40) 
31802 5022(40) 
318016124(40) 
Obs-Calc 
-00095 
- 0 0261 
-00521 
-00944 
- 0 1605 
- 0 2616 
- 0 4125 
calculated frequencies for higher rotational states are caused 
by the higher order centrifugal distortions 
С Discussion 
In the literature two possible mechanisms for the ρ dou­
bling are discussed, a "molecular rotation effect" and a "pre-
cessing L effect " Herzberg22 suggests that the rotation of the 
nuclei induces a magnetic field perpendicular to the internu-
clear axis which interacts with the electron spin 5, as repre­
sented by the term H„ in the effective Hamiltonian of Eq 
(3) Van Vleck,23 however, showed that there is a second 
interaction, which is dominant, except for very light mole­
cules In 2Σ states the electronic orbital momentum L can be 
nonzero, in the case of CH ( 2 Σ + ) it may be considered as 
processing at right angles about the axis of the molecule By 
rotational distortion, a net magnetic moment results perpen­
dicularly to the intemuclear axis that also effects the elec­
tron spin In the quantum mechanical formalism this second 
effect is represented by the nonzero (2Σ + |.//|2Π) matnx ele­
ments of the molecular Hamiltonian Η = H
rot + //„ with 
# „ = Σ,^,Ι, s, summed over the single electron spin-orbit 
interactions In second order perturbation theory the follow­
ing expression for the spin-rotation interaction constant is 
obtained 
M 
<2Σ|ΒΛ_|2Π><2Π|#„|2Σ> (12) 
Ε
Ί. — En 
where the summation is over all nearby lying 2Π states It 
should be noted that γ is related to Λ-doubling constantp for 
the 2Π state 
*Σ< - > 
, < 2 П | Я , | 2 2 ' ) < г Д ' | Д й _ | 2 П ) 
Ε
Σ
.Έ
η 
(13) 
the summation is over all nearby lying 2Σ * states If only one 
Π and one I s are interacting with each other the relation 
\p\ = \γ\ is obtained It was shown by Sheasly and Mat-
thews24 that this relation holds for their expenmental values 
for HC1+ From Table IX it can be seen that this relation 
also holds quite well for OH and SH and we conclude that 
the "precessing L effect" gives the dominant contnbution to 
Г 
In the case of CH however there are two Σ states, Β 2Σ 
and 0 2 Σ + , contnbuting to the Λ doubling in the electronic 
ground state which makes a companson between γ and ρ 
uncertain, although the values are close to each other A 
value for γ can be calculated from Eq ( 12) m the so-called 
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TABLE IX Spui rotation constant γ, hyperfine constants bFt and с in the 
^Ί.* states and the A-doubling constant;? ( all in MHz) ( this work and Refs. 
10,16,23, and 26) of the OH, SH, and CH molecules, respectively 
У 
Р(Х2П) 
ь
г 
с 
ΟΗ(Λ !Σ*) 
6776 9 
7051 I 
775 1 
1664 
SHC/Í2!4-) 
950*7 
8999 6 
898 5 
510 
CH(C2Î*) 
11904 
1004 0 
6210 
56 6 
spectroscopic approximation23 where the closed shell elec-
trons in the molecules are disregarded The molecular orbi-
tal configuration for the ХгТ\. state is 
(ΐΛ7·)2(2ίσ)2(2ρσ)2(2ρπ), while for the C21.+ state we 
have the configuration (\εσγ(25σγ(2ρσ)(2ρπγ Thema­
t m elements can be evaluated by expressing the electronic 
wave functions in terms of Slater determinants" 
\X2U
m
)={a+<r-irl}, (14) 
\Х1П_
т
)={а+а-пі}, (15) 
| C 2 2 ^ ) = — [{σ+πΖ π χ } - {σ+π1 π+ } ] , 
>/2 
(16) 
|C22Í
 Ι Λ
> = 4 - [{σ",Γ= ν* } - ίσ'π- π+ } ί 
(17) 
The |2Пз/2) does not give a contribution to the γ constant 
With the wave functions (14)-( 17), the result of Eq (12) is 
- 2 
7
'
 =
 T Έ^ 
л
с і ' —Am 
Χ[( 2 Σ 1 / 2 |5Ζ,_| 2 ΙΙ_ 1 / 2 > + ( 2 Σ _ 1 / 2 | Μ _ | 2 Π 1 / 2 > ] 
Χ [ < 2 Π 1 / 2 ^ | 2 Σ 1 / 2 ) + < 2 n _ 1 / 2 | t f J 2 2 _ 1 / 2 > ] 
where / ± andí ± represents single electron operators With 
ζ = 27 5 cm~ ' l 0 we obtain γ = 737 MHz which is not far 
from the measured value The present value for the spin-
rotation constant is remarkably close to the old value of 
Gero," who found γ = 1 44 GHz, while Herzberg and 
Johns5 reported γ = 2 4 GHz 
In the spectroscopic approximation both the b and с 
hyperfine parameters can be expressed in electron densities 
of only the open shell electrons , 8 The Fermi-contact con­
stant bF = b + c/3 is then proportional to the electron den­
sity of the open shell electrons at the position of the hydrogen 
nucleus (i i 2(H)) 
bF = 28Ημ,μΒ(^{Η)), (19) 
where gH is the magnetic g factor of the hydrogen nucleus, 
μ
Β
 the Bohr magneton, ¡ίηάμ
Ν
 the nuclear magneton The с 
constant is a measure of the sphericity of the electron charge 
distribution around the hydrogen nucleus 
c = 3gilßvßB(0Cos2e-\)/r>) (20) 
J Chem Phys Vol 84 
The CH molecule m the С 2Σ + excited state has three elec­
trons in open shells For comparison the OH molecule in the 
first excited Α 2 Σ + state has two more 2pir electrons, result­
ing in a configuration with only one 2paopen shell electron, 
while SH in the Α 2 Σ + state has eight additional electrons in 
closed shells and one 3ρσ open shell electron For the open 
shell ν electrons of CH the Η nucleus lies in a nodal plane 
and so they do not contribute to the Fermi-contact term On 
the other hand the unpaired/иг orbital has a large density on 
the intemuclear axis and this explains the relatively large 
Fermi-contact constants for the three molecules of Table IX 
The с constant, being inversely proportional to the cube dis­
tance of the open shell electron to the Η nucleus is smaller for 
SH than for OH because there is an extra shell of core elec­
trons in between the nuclei and the outer open shell electron 
When comparing the с constant for CH and OH within the 
spectroscopic approximation one must conclude that the 
three open shell electron orbitale (2^cr)(2^ir)2 produce a 
more sphencal-hke electron cloud than the bare (2ρσ) orbi­
tal in OH 
To our knowledge there are no ab initio calculations 
available of the hyperfine constants for comparison with the 
present experimental values 
IV. LIFETIME OF THE С 'Σ + STATE 
A. Measurements and analysis 
The observed linewidths in the spectra appeared to be 
considerably larger than expected from residual Doppler 
broadening TwoOHhnes,the/12Σ + ,υ = 1 <— Хг\\, = 1, 
ρ,(6) and^ 2 Σ + > ν = 0 <-Χ 2Π, ν = 0, Ρ,( 12), accidental­
ly present m the recording showed a much narrower line 
profile than the CH lines The radiative lifetime of the excit­
ed CH molecules estimated from the relative ƒ values for the 
С
21+-Х2П and Л 2b.-X2l\ transitions27 and from the ra­
diative lifetime for the/i 2Δ state" is 115 ns Consequently, 
the observed line broadening can only be attributed to pre-
dissociation of the С2Ъ+ state In order to investigate the 
predissociation and its dependence on thep-doublet and ro­
tational states,5 "" ' 5 four senes of measurements were per­
formed 
(i) ТЬеЛ 2Д<— Χ 2Π transition was induced with a nar­
row band blue dye laser at λ = 430 nm to probe the popula­
tion of all rotational states in the F, (2Π
 l / 2 ) and .Рг^Нэ/г) 
ladders Saturation of the transition was avoided by keeping 
the laser power PL below 1 mW If the population distribu­
tion is described by a rotational temperature Т,
ы
 then the 
LIF intensities / L I F of the different rotational transitions are 
proportional to 
Ii.lf:<zPL(2J+\)SJJe-E'™uu''T'°', (21) 
where $„ is the transition moment matrix element (Honl-
London factors) In Fig 3, the Boltzmann factors of /", and 
Р
г
 states for different N in the electronic ground state X2X\ 
are plotted The values are calculated from observed intensi­
ties of A 2\*-X 2II б, (Л0 and ßjiW) transitions by using 
Eq (21) From Fig 3, we conclude that the Χ 2П state is 
thermally populated with Т .^с^вОО К and that no anoma­
lous distribution with regard to .F, and f2 states is present 
(u) By reducing the opening of the rectangular slit dia-
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т
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FIG. 3. Boltzmann factors for the Λ"'Π, N states, as measured in 
Λ
 2Δ «- Χ 2Π transitions The dots ( •) refer to F, states, the crosses ( X ) lo 
F2 states, respectively 
phragm in the molecular beam, the linewidths of a single 
hyperfine component of the С 2 Σ + , υ = 0 «- Χ 2Π, υ = 0, 
β, ( 1 ) transition and of the β, (6) line of OH were measured 
simultaneously as a function of the residual Doppler broad­
ening. In the extrapolation to zero slit opening, we found a 
linewidth of 15 ± 3 MHz for OH, that is mainly determined 
by molecular beam divergence due to the width of the source 
and for a minor part by the divergence of the laser beam; the 
ΔνΛΜΗζ) 
50 
25 
FIG 4 NaturallinewidthsofC'Z^.u^O.JVsUtes The dots (·) refer tof, 
states, the crosses ( X ) to F2 states, respectively 
RELATIVE 
INTENSITY 
/ I 
1 . , . . , . . I . .4 I ' 
1 2 3 A 5 6 7 8 9 10 11 
N 
FIG 5 Relative intensities of C'Z+ —Х2П, ßi(JV) and e2(JV) transi-
tions corrected for laser power, population of the ground state and matrix 
elements ( Honl-London factors) The dots (· ) refer to f, states, the crosses 
( X ) to Fz states, respectively. 
extrapolated linewidth was for the β, ( 1 ) transition in CH 
49 ± 4 MHz. We checked for different settings of the dia­
phragm that the line profile of the OH lines is indeed purely 
Gaussian. The broadening Δν
τ
, related to the natural life­
time of the С 2 Σ + state by r = 1/(2πΔν
τ
 ) can be evaluated 
from the total linewidth Avtot and Doppler contribution to 
the linewidth AvD by using the relation
24
: 
Ь
 т
 = Ь „ - (ЬУ„)2/Ь
 Ш
. (22) 
If we assume the same residual Doppler broadening Δ ν 0 for 
the OH and CH radicals and average the values for Δν
τ 
obtained at different diaphragm settings, we find a natural 
lifetime of τ = 3.7 ±1.0 ns for the С 2Σ \ N = 1, J = 3/2 
state of CH. 
(iii) In one geometrical configuration, with the slit dia­
phragm between source and LIF-zone fixed at 1.5 mm, the 
linewidths in the spectra of β, (Λ0 and Q7(.N) lines of the 
C^i"1" «— Χ2Π transition were measured for N up to 9. 
From the experimental values of Δν101 we subtracted via Eq. 
(21) an estimated Doppler contribution Δν^, of 45 MHz. 
This estimate is based on the measurement of the Doppler 
width of the OH line at this diaphragm setting. Natural 
linewidths for Fl and Fj levels in rotational states up to 
N=9, derived from these measurements are plotted in Fig. 
4. The errors are determined by the uncertainty in the 
Doppler width and the rather large error in Δν1 0 1. Figure 4 
shows clearly an ./V-dependent difference between the natu­
ral linewidths and therefore of the lifetime of the F, and Р
г 
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FIG 6 Lifetimes in ns of C 2 2 + , es tates as obtained from linewidth and 
intensity measurements The dots ( ) refer to ƒ*, states, the crosses ( X ) to 
F2 states, respectively The error bars for V> 1 represent errors relative to 
the lifetime of the JV = 1 ,F¡ state 
states The natural Imewidths of/^ states decreases roughly 
linear with Λ', while the Δ vT for F, states is independent of JV 
(iv) The peak intensities of Q, and Qj branches of the 
С ^
4
" <— X 21I transition were measured as a function of JV 
The observed values were corrected for the variation of the 
UV-laser power and divided by calculated Honl-London 
factors of the С 2Σ ^ <— Χ 2Π transition and by the relative 
population of the initial state as measured in (i) In this 
manner we find corrected intensities, given relatively to the 
6,(1) line that only depend on the predissociation of the 
excited state Thus we find that the intensities of different Fl 
levels in С 2Σ+ ' do not differ, while for F2 levels we find an 
increase in relative intensity from 1 2 for N = 2 to 5 0 for 
N = 11, as shown in Fig 5 
B. Discussion 
The results for the ^ -dependent lifetime of the Fj states 
as obtained from linewidth measurements (Fig 4) seem to 
disagree with the observed line intensities of the 6 2 branch 
(Fig 5), if line intensity is supposed to be proportional to 
predissociation lifetime However, when coherent excitation 
to a strongly predissociated level is analyzed in terms of a 
simple three level scheme it follows that the relation between 
lifetime and peak intensity of the spectral line is a quadratic 
one Ιβ 'χτ
2
 This relation derived in the Appendix can be 
explained as follows Because of the short lifetime of the 
excited state, the absorption Une profile is broad, while the 
linewidth of the laser remains much smaller ( Δ ν
Α
< 0 5 
MHz), and as a result the absorption at the central frequen­
cy is linear with τ After the absorption process the competi­
tion between predissociation and fluorescence causes that 
only a fraction т/г
гя<1 is observed So the peak intensity of 
our LIF signals, that is a product of absorption and fluores­
cence, is proportional to τ2 
The r2 proportionality of the peak intensity explains the 
steeper slope in Fig 5 than for the observed lifetimes of the 
F2 levels With the quadratic behavior of the peak intensities 
we conclude that the values of the relative intensities agree 
within the error limits of the observed lifetimes It is not 
possible to calculate absolute lifetimes from intensity mea­
surements, but for the determination of relative lifetimes the 
intensity measurements are a very useful complementary 
method, because in LIF expenments intensities can be mea­
sured much more accurate than natural Imewidths 
From the analysis of observed Imewidths and relative 
line intensities we derived absolute lifetimes for C 2 2 + , 
F, (Λ0, and F-tiN) states, that are plotted in Fig 6 
The anomalous intensity distribution between emission 
from ƒ", and Р
г
 states was reported by Heimer" some 50 
years ago Herzberg and Johns5 were first to mention the 
predissociation of the С ~"1+ state of CH Under identical 
conditions they observed a five times weaker fluorescence 
yield from the С г1 + -Х 2П transition for CH than for CD 
Hesser and Lutz12 produced higher resolution spectra from 
which they concluded that emission from f, levels is a factor 
of 2-3 weaker than from Р
г
 levels They measured the life­
time of overlapping rotational F
x
 2 levels for 4 < Л' < 12 with 
the phase-shift method As their data could not be represent­
ed by a single exponential decay two distinct lifetimes r, = 5 
ns and r2 = 18 ns were assumed, which they attributed to Fx 
and F7 levels, respectively Elander and Smith
13
 also mea­
sured phase shifts, but they probed single rotational levels in 
the more widely spaced Ρ and R branches They found a 
slight increase in lifetime from 6 ns for N — 2 to 11 ns for 
JV = 22, an unexplained difference in lifetime from measure­
ments in the Ρ and R branches, and a long lived radiative 
decay component of r = 80 ns In these measurements F, 
and fj levels were not resolved Brzozowski etal14 applied 
the high-frequency deflection method m order to obtain the 
lifetime of CH ( С 22 + ) Essentially the same lifetime of 11 
ns was obtained for the resolved F, and F2 levels in the 
P,
 2 (N) transitions for \ = 2,3 For N< 13 they found a 
biexponential decay with a slow component of r = 12 ns and 
a fast component of r = 3 ns The latter component was at­
tributed to the С 2 Σ + ,ι>'= IstateofCH Similar biexponen­
tial decay with г, = 8 ns and r2 = 21 ns was also observed by 
Ortiz and Campos" in low spectral resolution employing the 
delayed coincidence method Both Ortiz and Campos" and 
Brzozowski et al 'л did not detect a very slow decay with 
r = 80 ns 
In the present investigation with orders of magnitude 
better spectral resolution we are able to give a decisive argu­
ment in the dispute on the JV and .F,
 2 dependence of the 
lifetime of CH in the С 2 Σ + state From linewidth and inten­
sity measurements we conclude that all F, levels up to JV = 9 
have a lifetime r, = 3 7 + 1 0 ns and that there is an increase 
in lifetime of .F2 levels from r2 = 3 8 ± 1 0 ns for JV = 2 to 
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τ2 = 8 0 ± 1 5 ns for N = 11 We do not have an explanation 
for the relatively low absolute values for the measured life­
times in comparison to the values reported in the literature 
Herzberg and Johns' pointed at four interacting states, 
three bound states Χ 2Π, α 4 Σ _ and В2"!- and the repulsive 
4
П state as the cause of the predissociation of the Ο^Σ"1" 
state All these states correlate with ground state atoms 
C^P) plus H(25) To our knowledge a difference in cou­
pling between С 2Σ + , /",, and Р
г
 states with another poten­
tial can only be established via a spm-rotation interaction 
between .β2Σ~ and 0 2 Σ + states A predissociation by a 
2
Σ~ state would be a forbidden one ' 2 2 The observed rate, 
being ofthe order of 108 s " ', is only of intermediate strength 
and might be caused by a forbidden predissociation 22 The 
coupling matrix elements for a spin-rotation interaction 
between Β2Σ~ and С 2 Σ + states are 
(C2J.+NJM\H
rf,s\B
22-N± UM) 
— ~~zr roo — —ρ· roo 
б з 
х { 4 + ( - ) - ' + л , + , / 2 (У+1/2)}, (23) 
with the constants Y¡¿2/ 1 / г and γ^2 [/2 and the spin-rotation 
operator H
rNS as defined by Freed
 2 9
 According to the Fer­
mi Golden Rule the predissociation rate ofa state that inter­
acts with another nearby lying state is proportional to the 
square ofthe absolute value ofthe matrix elements that cou­
ple both states 
l/Tor\(C2l-hNJM\H
rNS\B
22-N± IJM)\2 
cc\a±b(N+l)\2SJN±W2, (24) 
where the upper sign holds for Ft ( J = N + 1/2) levels and 
the lower îot F^J = N ~ 1/2), the constants a and b are 
denved from the γ constants In the limit b<a, in which the 
N dependent term is relatively small compared to the N = 1 
predissociation, it follows that 
1/τα:α2±2α6(ΛΤ+ 1), (25) 
as was obtained also by Kovacs 3 0 Because the sign of the 
constants /¿i2 ' / 2 and y^2 , /2 and therefore of β and b can be 
positive or negative, Eq (24) only shows that the lifetime of 
one ofthe two F
x
 and F-, components should increase linear­
ly, while the other decreases linearly with N, if an interaction 
between ^" ," and 2Σ _ is assumed 
For the .F2 levels we find an increase in lifetime linearly 
with N, however, for the /", levels we find a lifetime indepen­
dent of N, which is in disagreement with the prediction of 
Eq (25) So the interaction with the В 21~ state can only 
serve as a partial explanation for the f, and F2 and N depen­
dence of the predissociation in the С 2Σ + state of CH It is 
possible that the α " Σ - , which is not yet observed, or the 
repulsive 4Π state also causes predissociation of the С 2Σ + 
state, the net result of two interactions might explain the N 
independency in the predissociation ofthe F, levels 
V. CONCLUSION 
The combination ofthe tunable frequency doubled nar­
row band laser and the molecular beam technique forms a 
powerful instrument, not only for high resolution spectros­
copy but also for the determination of lifetimes of strongly 
J Chem Phys Vol 
predissociated excited states Usually time resolved tech­
niques cannot be used to measure lifetimes below a few nano­
seconds, whereas the present method is just applicable in this 
domain Furthermore it has the advantage of high resolution 
and collision free circumstances, one is sure not to have over­
lapping lines of other species The method will not be appli­
cable at lifetimes below a few tenths ofa nanosecond because 
ofa small fluorescence yield 
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APPENDIX 
We consider a molecule with a ground state \a), an ex­
cited state 16 ), with corresponding wave functions φ
α
 and 
Фъ and a predissociation channel to a third state c), that 
represents the separated С and Η atoms The total wave 
function for the system can be written as 
¥(f) = C„(OU I+C t(Otf t + C í(0&, (Al) 
with 1С, (f ) | 2 the probability that the molecule is in state |i) 
at time t The rate equations for the three level system, repre­
senting transitions by coherent (de- )excitation and damp­
ing processes such as spontaneous emission and predissocia­
tion can be written as follows 
i*;„(0 = l/2Cò(r)Keò> (A2) 
1ЙС6(О = і / г с . с » ) ^ - x/bfryCbU), (A3) 
,fiC
c
U) = \/2i*yCb(t), (A4) 
where V
al, = VJ, = (α\μ E \b ) is the dipole transition ma­
trix element, and γ is the rate of the depopulation of the 
excited \b ) level, primarily by predissociation and for a small 
part by spontaneous emission The decay rate γ is related to 
the lifetime r γ= 1/r The repopulation of the ground state 
¡a) by resonant fluorescent decay is neglected in this analy-
sis By differentiating Eqs (A2) and (A3) and substituting 
the results two identical damped harmonic oscillator equa-
tion follow for Ca (r) and Cb(t) 
C„ t(0 + UlyC^U) + 1/4П2С
оЛ
(0 = 0 , (A5) 
where Ω = | V^ \/fi is the characteristic Rabí frequency 
With boundary conditions |C<,(0)|2= 1 and |С„(0)|2 = 0 
we find the solution for the excited level 
П 2 0 ri/2 
ir· m l 2 — ΙΛΙ/*)^ «η'ι .-(ΐ/ονΤ3"-·"»''!2 
| C > ( Í ) | - f-4iVie - e ì 
(A6) 
Already for moderate predissociation )'>Ω, which is the 
case for the С 2 Σ + state of CH, and Eq ( A6) reduces to 
ІСЛОГ^П уЧі-г« "
/ 2
 + e ·"'} (A7) 
In the present expenment the molecules in the molecular 
beam cross the interaction zone in 10 6 s and therefore the 
limit γΓ> 1 holds We find that the population of the excited 
state is proportional to the square ofthe lifetime 
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Ubachsera/ С 'Σ ' state of CH 3041 
|C»(i)|2Än2/r* = n V (A8) 
The fluorescence intensity ƒ„ is proportional to the popula-
tion of the excited state \b ) 
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CHAPTER VII 
Hyperfine structure and Λ doubling in the Α 2Δ state of CH: Observation 
of an internal hyperfine perturbation 
Wim Ubachs, W M van Herpen, J J ter Meulen, and A Dymanus 
Fysisch Laboratorium, Katholieke Univenileit Nijmegen. The Netherlands 
(Received 27 January 1986, accepted 5 March 1986) 
We report the observation of a resonance between hyperfine states, due to the crossing of 
rotational ladders at N = 10 of Δ 3 / 2 and Διη spin-doublet states in the excited Α
 2Δ state of CH 
Accurate values for the hyperfine constants a, b, and с in the Λ 2 Δ state were obtained From 
measurements of the Л-doublet splittings we estimate an upper limit to the Λ doubling m the Α 2 Δ 
state 
I. INTRODUCTION 
The rotational, Л-doublmg, and hyperfine structure of 
the Χ 2Π ground state of the free radical carbon hydnde 
(CH) have been well established by interstellar'2 and labo­
ratory3 4 microwave spectroscopy and by laser magnetic res­
onance at far infrared wavelengths5 The rotational struc­
ture of the Α 2Δ state was known from the optical emission 
spectrum of the A 2A-X 2Π system at/t = 430 nm * Recently 
Brazier and Brown4 performed high resolution laser spec­
troscopy on the Α 2Δ·«—Χ 2Π transition, using the saturation 
technique of intermodulated fluorescence They were able to 
resolve the hyperfine structure in the Α 2Δ state, due to the 
nuclear spin of the proton and they measured hyperfine 
splittings in both F¡ ( Δ ; / 2 state) and.F2 (Дз/ 2 state) ladders 
for # = 2 to tf = 5 
In the present paper we report the exact hyperfine struc­
ture in the Α 2Δ state for # up to 14 For W = 10 a hyperfine 
resonance was observed the hyperfine splittings are twice as 
large as expected from the hyperfine constants given by Bra­
zier and Brown4 and additional lines appeared in the spectra 
The hyperfine perturbations are shown to be caused by a 
crossing of F, and /"2 rotational ladders Similar perturba­
tions have been observed in electronic Σ states of VO7"' and 
could be described by a magnetic hyperfine interaction 
between the electron spin multiplet states A different kind 
of hyperfine resonance was observed in the Α 6 Σ + state of 
MnO,10 where the perturber is a high vibróme state υ = 25 of 
the electronic ground state Χ6Σ+ To our knowledge the 
present observation is the first example of a hyperfine reso­
nance within an electronic state that is not of Σ type 
The Λ splittings in F, and F2 ladders of the Α
 2 Δ state 
were derived by Brazier and Brown4 from differences of ab­
solute frequencies of Α 1Δ-Χ 2Π rotational transitions for N 
values higher than 6, measured with lower (Doppler limit­
ed) resolution The accuracy in the experimental values of 
these splittings was however rather poor By measuring fre­
quency separations between Q,
 г
 and Ρ,
 2 transitions for (e) 
and ( ƒ ) A-doublet states we were able to derive sums and 
differences of Л-doublet splittings in the Α 2Δ state for 
N = 8, 9, 12, and 13 for both F, and F^ states 
II. EXPERIMENT 
The molecular beam machine, including the CH pro­
duction source and the LIF zone, is the same as used in the 
previous investigation on the high resolution spectrum of the 
С ^
+ < - , Г 2П transition of CH " The molecules were excit­
ed by about 5 mW of the reduced output power at Л = 430 
nm of a stabilized dye laser, driven on stilbene pumped by 1,5 
W UV power from an Ar-ion laser The molecular beam was 
chopped at 120 Hz and the signal to noise ratio of the CH Ime 
spectra, detected by a lock-in with RC = 0 3 s, was over 20 
also for the higher rotational states With the experimental 
hnewidth of 20 MHz the different hyperfine components 
were completely resolved In a second molecular beam ma­
chine N 0 2 molecules were simultaneously detected with a 
spectral hnewidth of 10 MHz The dense N 0 2 spectrum con­
tains in average more than one line per GHz and was used to 
make overlapping scans of each 25 GHz of the laser In this 
way frequency separations of 200 GHz could be measured in 
terms of the calibrated free spectral ranges 
(FSR = 149 605 ± 0 015 MHz) of a pressure and tempera­
ture stabilized interferometer 1 2 
III. HYPERFINE STRUCTURE 
The hyperfine splittings of the four lowest rotational 
states in both F, and f
 2 ladders of the Α
 2 Δ state have been 
measured and analyzed by Brazier and Brown 4 As a result 
they obtained accurate values for the hyperfine parameters 
a, b, and с of Frosch and Foley that describe the observed 
splittings very well within the experimental error limits In 
the present investigation the high rotational temperature 
(/"„, —800 К) in the molecular CH beam" and the high 
spectral resolution ( 20 MHz) allowed for accurate measure­
ments of hyperfine splittings up to # = 14 The observed 
frequency separations between hyperfine doublet compo­
nents of several lines of Ô,
 2 and P, 2 branches are listed in 
Table I The observed hyperfine doublets contain four tran-
sitions (in the Ρ branches three) between hyperfine states in 
Х
г
ПапаА
 zAof which two (in the Ρ branches one) are very 
weak In Table II, and separately for the strongly perturbed 
N= 10 states in Table III, the hyperfine splittings of rota­
tional states mFl and Fj ladders оЫ 2 Δ are given, as denved 
from the observed splittings by taking into account the hy­
perfine splitting in the Χ 2Π state Because we did not ob­
serve differences in hyperfine splittings between both panty 
states average values were taken, except for the N = 10 level, 
for reasons given below In Fig 1 recorded spectra of both 
panty transitions of β, 1 0 and Q210 are shown The large fre-
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TABLE I Observed hyperfine splittings (in MHz) for CH in фе Α 2Δ, 
ν = О*—Χ
 2
П, ν = 0 transitions, for (e) and ( ƒ ) states. 
TABLE III Hyperfine splittings (in MHz) in N •• 
A '& for both panty states + and — 
: 10 rotational states of 
Transition 
Obs Splitting 
(e) 
Obs Splitting (/) 
£?, (6) 
C,(7) 
ΰιΠ) 
β,(β) 
&(8) 
6,(9) 
ft О 
Λ(9) 
Л(9) 
β, (10) 
C l 10) 
con 
/".(Π) 
ЛСП) 
ß,(I2) 
ß,(13) 
ß2(13) 
Λ(13) 
ЛОЗ) 
β, (H) 
ßzd·» 
387 3 ± 2 0 
385 2 ± 1 5 
257 1 ± 1 5 
385 0 ± 15 
254 8 ± I 5 
396 4 ± 1 3 
240 8 ± 2 0 
385 В ± 2 0 
254 9 ± 2 0 
5 9 0 4 ± 2 0 
6 6 8 ± 1 S 
579 5 ± 3 0 
26 2 ± 4 5 
3 I 8 8 ± 2 0 
588 8 ± 3 0 
74 5 ± 3 0 
574 3 ± 2 0 
1 4 0 ± 3 0 
335 1 ± 2 5 
342 6 ± 1 5 
292 6 ± 2 0 
3 1 в 1 ± 2 0 
325 1 ± 2 5 
343 1 ± 2 5 
300 В ± 1 5 
362 5 ± 2 0 
361 7 ± I 5 
278 2 ± 1 5 
361 I ± 2 0 
276 7 ± 1 5 
377 8 ± 1 5 
263 8 ± 2 0 
362 5 ± 2 0 
276 8 ± 2 0 
586 3 ± 4 5 
50 5 ± 2 5 
590 1 ± 4 0 
302 1 ± 2 0 
342 2 ± 2 0 
5 8 7 8 ± 3 0 
49 5 ± 3 0 
587 0 ± 3 0 
3 1 5 6 ± 2 5 
322 8 ± 2 0 
324 8 ± 2 0 
338 7 ± 2 0 
3 0 6 6 ± 2 5 
329 5 ± 4 0 
359 9 ± 4 0 
quency separations, the tnplet structure, and the intensity 
distribution for the ö ,
 2
,0
 lines, that appear also in thcP, 2 " 
transition, indicate that there is an irregularity in the hyper-
fine structure for the N=10 states Also the splittings for 
N=7 and N= 14 deviate from expected values that were 
TABLE II Hyperfine splittings (in MHz) for CH in the Α 'Δ, 0 = 0, If 
states 
State Measured Calculated Obs -Cale 
FpN = 2 
N=i 
N = * 
ЛГ=5 
ΛΓ=6 
tf=7 
# = 8 
ЛГ=9 
Лг=11 
ЛГ=12 
/¥=13 
Af=14 
F»N = 2 
ЛГ = 3 
^ = 4 
ЛГ=5 
Л = 7 
jv = e 
ЛГ=9 
^ = 1 1 
^ = 1 2 
JV=13 
ЛГ=14 
•FromRef 4 
448 0 ± 1 5 
4 0 1 4 ± 1 5 
369 2 ± 1 5 
3 5 9 2 ± 1 5 
343 0 ± 1 5 
3 4 1 0 ± 1 5 
340 4 ± 1 5 
354 9 ± 1 3 
276 2 ± 3 0 
292 9 ± 1 5 
297 9 ± 1 5 
299 7 ± 1 5 
159 6 ± 1 5 
1 8 3 6 ± 1 5 
203 5 ± 1 5 
2 1 6 7 ± 1 5 
222 4 ± 1 5 
2 2 1 4 ± 1 5 
208 7 ± 1 5 
289 0 ± 3 0 
2 7 4 0 ± 1 5 
268 1 ± 1 5 
270 8 ± 1 5 
446 6 
398 6 
373 1 
357 8 
348 3 
343 1 
342 8 
355 5 
2740 
2910 
295 2 
296 4 
160 2 
185 3 
202 1 
2132 
224 0 
223 3 
209 9 
290 5 
273 2 
268 8 
267 5 
13' 
27· 
- 3 9 · 
14' 
- 5 3 
- 2 1 
- 2 4 
- 0 6 
22 
19 
27 
33 
- 0 6' 
- 1 Г 
14' 
3 5' 
- 1 6 
- 1 9 
- 1 2 
- 1 5 
08 
- 0 7 
33 
Measured Split­
ting 
+ panty 
F= 10-/·= 10 
F=\\-F=\0 
/•=10-/·= 9 
- panty 
/ = 10-/·= 10 
F=\\-F=W 
F=ia-F=9 
587 6 ± 3 0 
28 6 ± 3 0 
5 6 0 ± 4 0 
591 8 ± 2 0 
24 1 ± 2 0 
5 3 5 ± 4 0 
Cale Splitting Obs -Cale 
589 5 
29 3 
53 9 
589 4 
25 9 
504 
- 1 9 
- 0 7 
21 
24 
- 1 8 
31 
calculated in first order perturbation theory from the hyper­
fine constants of Brazier and Brown 4 
The hyperfine structure in CH {Α 2 Δ) is caused by the 
interaction between the nuclear split I of the proton and the 
net electronic spin S and orbital angular momentum L The 
Hamiltoman appropriate for the present investigation is 
Н
ы
 =аІ-Ь + ЫЯ + сІ,5
г 
(1) 
Usually this interaction can be considered as a small pertur­
bation with respect to the rotational energy splittings so that 
the hyperfine splittings are well explained by calculating 
only the matrix elements diagonal in the rotational states In 
this particular case, however, the rotational states of the 
2 Δ 3 / 2 and
 2Δ,/2 ladders approach each other so closely that 
their off-diagonal interaction can no longer be neglected 
From molecular constants of the A2 A state, as derived by 
Brazier and Brown4 from absolute frequencies of 
Α
 2Δ*—Χ 2Π transitions, a crossing between the 2Δ.,
η
 and 
2àsn ladders within a less than 100 MHz separation is to be 
expected at JV = Γ4 Unfortunately the published value of 
the spin-rotation coupling constant γ was erroneous, due to 
a misprint13, with the correct value γ = 0 0422 ± 0 0002 
cm" ' the crossing is predicted at N *= 10 m agreement with 
the present experiment In Fig 2 the structure of interacting 
levels of 2Дз / 2 and ^5/2 rotational states is represented sche­
matically 
By the hyperfine interaction (1), two levels with the 
same /'value and panty repel each other when they are close 
together The repelling depends on the hyperfine free energy 
difference Δ ± E between
 2Δ}η and
 2Δ5 /2, 
Δ ± £ ( Λ Γ ) = £ ± ( Δ 3 , 2 Λ ) - · Ε ± (Δ3/2Λ). (2) 
that is positive for N< 10 and negative for N> 10; the sub-
senpt ± indicates panty of A-doublet states 
The rotational eigenfunctions for the 2 Δ state can be 
expressed in symmetrized Hund's case (a) basis functions 
\2àaJIFMFp) 
= Cn i/2 ( /) [ fbvJIFMr),, +p\1£i-VTJIFMF)<, ] 
+ Cn 5 / 2 ( / ) [ | 2A 5 / 2 / /FA/ f> a +p\2b5/JIFMF)a], 
(3) 
5901MHz 
636ίMHz 
5863 MHz 
О и П О ) · -
579 5 MHz 
QbllOI· 
FIG 1 Observed spectrum for 0
І
(1О) and QjilO) transitions The sticks represent relative frequency splittings and line intensities of the calculated 
spectrum 
where ρ indicates the symmetry of the electronic wave fune- σ^ \2Δ
Ω
/Μρ) =p{ — ) J + 1/2|2Δ
η
/Μ/7> (4) 
tion, the mixing coefficients C
n n
 (J) ait obtained by dia-
gonahzing the rotation matnx of the Α 2Δ state as given in so the total parity is/>( — У* иг In the terminology of Ref 
Eq (4) On the basis of Slater determinant wave functions'4 4 symmetnc and antisymmetnc wave functions correspond 
one can deduce a relation between ρ and the total panty of to ( ƒ ) and (e) states, respectively 
the states For both Ω = 3/2 and Ω = 5/2 the reflection op- Matnx elements M,y of the hyperfine Hamiltoman Я ^ 
erator σ„ yields in the representation of Eq (3) are 
I 
- 1 M
n
 = ' [JCUi/iOi - 2fl + }(* + c)} - 5 C U « ! U){2a + i(i> + c)} 
*·\τ "Γ 1 ) 
, U)Cin i n (JU{J-3/2) (J + 5/2)b ], 
- c 5 / 
_ - ( 7 + 1 ) „ M22 = M, „ 
" » — a T - H ^ v i (7 - 1 ) { - 2a + J (* + с)} - J С і ^ (7 - 1 ) {2a + J ( 6 + с)} 
- C3/2 V 2 ( 7 - 1 )C, / 2,V 2 (7 - 1 W(7-5/2) (7+3/2)* ] , 
7 - 1 
= -^^5/2з/з (7)C3 / 2, / 2 ( 7 - lW2(7+3/2) (7-3/2) { - 2a + i(¿> + с)} 
2,/27 
-C s / I , / 2 (7)C J / 1 J / I (7-l) > /2(7+5/2)(7-5/2){2e + J(6 + c)} 
- {C^n i-nCwn ( 7 - 1 W(7-5/2)(7-3/2) 
- C3/2 s/i (^)C3/2,J/2 (7 - 1W(7+ 3/2) ( 7 + 5 / 2 ) } -1 &> j , 
Л/„=А/27 
(5) 
89 
F N-1 
F Ν 1 λ 
Ν » 
N > 1 0 
F=N-1 
» Ν 
Ν < 1 0 
FIG 2 Hyperíme interaction between Δ 3 / 2 and Δί/Ί states of CH The up 
and down pointing arrows show the repelling of resonant states with equal 
quantum numbers The panties are arbitrarcly chosen 
The structure of the matrix is shown schematically m Table 
IV The off-diagonal matrix elements represent the coupling 
between hyperfine states with equal F and panty of both 
spin-orbit ladders, which cause the irregularity in the hyper­
fine structure Diagonahzation of the matrix in Table IV 
yields the perturbed hyperfine splittings In a least squares fit 
incorporating the reported data4 of rotational states N= 2 
to TV = S and the present results, we obtained new values for 
the a, b, and с hyperfine constants as listed in Table V Only 
the a constant undergoes a change larger than the error lim­
its with respect to the values of Brazier and Brown 4 Recent 
many-body calculations of hyperfine constants by Knstian-
son and Veseth15 show very good agreement for the a and с 
constants, while the b constant differs only 10% from the 
experimental value The hyperfine splittings calculated with 
these constants are in good agreement with the measured 
values as shown m Tables II and III In Fig 3 the resonance 
is shown schematically m a plot of perturbed and unper­
turbed hyperfine splittings around Л^  = 10. 
For the N = 10 states the strong perturbations are ex­
plained by very small energy separations between the "hy­
perfine free" states From a least squares fit of the measured 
splittings we obtained 
TABLE IV Matru representation for the hyperfine interaction 
'AJ/J-AP 'biiirf-i.-p 
F = J+l/2 F = J-\/l F = J-\/l F = J-i/2 
M,, о о 0 
0 Αί21 Μ,, 0 
0 M„ Μ„ + &Ε 0 
0 0 0 Μ„ + ΔΕ 
TABLEV ProtonhyperfineconstantsdnMHzlforthe^ 'AstateofCH 
a 
b 
с 
Present 
5 5 0 ± 0 4 3 
562 68 ± 0 79 
61 1 ± 2 4 
Ref 4 
57 26 ± 0 85 
563 6 ± 3 4 
6 1 4 ± 8 0 
Ref 11 
53 91 
526 3 
616 
Δ + £ ( 1 0 ) = - 6 1 0 ± 4 3 M H z , 
Δ_£(10) = - 5 4 0 ± 4 8 M H z 
From the unperturbed energy matrix of Ref 4, we calculated 
that the F= \0 hyperfine states would he as closely as 10 
MHz apart, the hyperfine interaction ( 1 ) causes the F = 10 
states to be moved from each other over nearly 600 MHz 
The calculated eigenfunctions are completely mixed up and 
give rise to stick spectra which are in good agreement with 
the measurement as shown in Fig 1 
IV. Λ DOUBLING 
In several tedious but carefully performed overlapping 
continuous scans of 25 GHz each, we measured frequency 
separations Δν,
 Q between rotational transitions originating 
m ( e ) and ( ƒ ) states of β,
 2 and Ρ, 2 branches for JV = 9 and 
13 In the overlapping procedure small corrections were 
made for the dnft of the interferometer during the time that 
it took to set the laser at the desired start frequency The 
overlapping points could be determined very accurately be­
cause of the small Imewidths ( 10 MHz) of the NO, lines that 
were simultaneously detected by LIF in a second machine 
with a highly colhmated molecular beam In this way fre­
quency splittings Δν(Λ0 between (e) and ( ƒ ) transitions 
were obtained in terms of markers of a stabilized interferom­
eter, a method that is in principle much more accurate than 
trying to deduce Λ splittings from differences of absolute 
wavelengths of («) and ( ƒ ) transitions The errors in the Δν 
values as listed in Table VI are estimated 30 MHz, all split­
tings were measured by scanning frequency once up and 
once down, and the observed values did not differ more than 
15 MHz 
TABLE VI Observed splittings (in MHz) between (?) and ( f) compo­
nents of Λ 2Δ transitions The values under (1) and (u) refer to the lower 
and upper component of the resolved hyperfine doublets. The etimated 
errors are 30 MHz. 
Transition 
ß,(9) 
Λ (9) 
&(9> 
Λ(9) 
е.оэ) 
ЛИЗ) 
е
г
(із) 
Л(13) 
Obs Splitting 
(1) 
95 297 6 
95 272 5 
104 586 6 
104 589 8 
189 277 1 
189 196 0 
202 084 5 
202 103 2 
Obs Splitting 
(u) 
95 277 2 
95 249 2 
104 570 2 
104 562 6 
189 2591 
189 176 4 
202 054 7 
202 082 9 
90 
ΔΕι,,ρ (MHz) 
300 
no 
260 
210 
220 
200 
А
г
ДЗ/
г 
--Г 
• measured 
о calculated 
unperturbed 
-/h 
ΔΕι,,ρ (MHz) 
360 
310 
320 
300 
2W 
260 
A'Δ 5/2 
X : 
4 4 N I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
• measured 
о calculated 
ипреМигМ 
Κ Ν 
ье It Ν 
FIG 3 Observed and calculated hyperfine splittings in the Δ, , 2 and \ ъ п states of CH around the Fermi resonance at N = 10 
The measured values Δν(Ν) are combinations of Λ 
splittings ΔΛ in the Χ2Π ground state and for a very small 
part in the excited Α 2 Δ state 
Δ ν
β ι
 (Ν) = ΔΛ(Δ 3 / 2 Λ) + ΔΛ(Π ι / 2,Λ0, 
Δν,
ι
(ΛΤ)= - Δ Λ ( Δ
ν 2 Λ - 1 ) + Δ Λ ( Π 1 / 2 Λ ) , 
Δ ν
β ι
 (ΛΟ = ΔΛ(Δ,/2,ΛΓ) + Δ Λ ί Π , , ^ ) , 
Δν,.(ΛΓ) = - Δ Λ ( Δ 3 / 2 Λ - 1) + АЛ(Пз/2^ ), (6) 
it is assumed that the upper Λ-doublet levels are of e type in 
the F, ladder and of/ type in the F2 ladder (see below) By 
substracting the measured Δ ν values of Table VI, 
Δ ν 0 ι (ΛΓ) - Δ ν Λ (Ν) = Δ Λ ( Δ ν 2 Λ ) + Δ Λ ( Δ 5 / 2 Λ - 1 ) , 
Δνβ,ίΛΟ - Δ ν
Λ
( ^ ) =ΔΛ(Δ 3 / 2 ,7ν) + Δ Λ ( Δ 3 / , 2 ^ - 1), 
(7) 
we find the sums of Λ splittings for successive JV states in 
A 2Δ as listed in Table VII 
In companson with Π states the Λ doubling in Δ states is 
a very small effect It originates in the spin-orbit and Conohs 
interaction with nearby lying Σ states vis intermediate Π 
TABLE VII Derived sums οΓΛ splittings (in MHz) for the Λ 'A stale of 
CH 
states The effect can be taken into account m the rotation 
matnx via the introduction of the Λ doubling parameters;^ 
and д
л
 for the Α 2 Δ state as deduced by Brazier and Brown 4 
By diagonahzation we find the approximate expression for 
the Λ-doublet splittings 
ΔΛ(Δ5 / 2.Λ0 
= Ν(Ν+ 1) (ЛГ+2)}0> + 4?) -q(N+ 1), 
AA(Aj/2JV) 
= -(.N-\ìNiN+l)l^(j, + Aq)+qN)] (8) 
In the assumption that the ρ and q parameters do not differ 
by more than an order of magnitude we expect that certainly 
for higher JV states the e-fordering in the .F, and F2 ladders is 
different This conclusion can also be drawn from the results 
for Δ
 ± E( 10) m the analysis of the hyperfine resonance, the 
almost equal values for Δ + £ ( 1 0 ) and Δ_£(10) indicate 
thatthe7V= 10 upper ( or lower ) states have the same panty 
and are thus of different с-/ type From the result for TVs 12 
and 13 in Δ
ΐ / 2 we conclude that the upper A-doublet levels of 
the e type in the F, ladder and consequently of/ type in the F2 
ladder We have no explanation for the negative result for 
N= 12 and 13 in 2а
зп
, although it is not inconsistent in view 
of the experimental error of 50 MHz 
Unfortunately the resulting Л-doublet splittings are too 
small, compared to the errors to deduce the pA and qA Л-
doublet constants for the Α 2 Δ state The reason for starting 
this part of the expenment was the expectation, from report­
ed constants,4 that at N = 13 the A-doublet splittings should 
be of the order of 300 MHz From the present expenment, in 
which the experimental accuracy is better, we conclude how-
91 
ever that the A-doublet splittings for N = 13 are less than 70 
MHz, and that the reported values (огр
л
 and д
л
 are at least 
a factor of 3 too high 
V. CONCLUSION 
The observed hyperflne resonance between Δ3/2 and 
Δ } / 2 ladders at N = 10 is probably the first of its kind in a 
diatomic molecule in a ηοη-Σ state In their investigation of 
the perturbation in the X*1~ state of VO, Richards and 
Barrow7 state that internal hyperfine perturbations are li­
mited to Hund's case (b) coupling cases and in particular to 
Σ states of high multiplicity The presently observed pertur­
bation occurs however in a 2 Δ state Indeed the Α 2 Δ state of 
CH has a small A /B value, so the coupling case is almost case 
(b) 
The fact that the resonance feature is so pronounced, the 
hyperfine structure being so heavily perturbed at N = 10, is a 
consequence of the very small energy difference (about 10 
MHz) between F = 10 hyperfine states in F, and .F2 ladders 
when calculated for the unperturbed case The fact that the 
energy splitting between the two spin-orbit ladders at 
N = 10 is so small ( < 10 MHz) is therefore purely acciden­
tal 
The Λ doubling m Δ states is known to be very small. 
Until now the only accurate determination of the Λ doubling 
m a Δ state was earned out for the metastable α 'Δ state of 
NH " In companson with NH the Λ doubling for 
СЩА
 2 Δ) is about four times smaller Even though the Λ 
splittings are proportional with N 4 they are very small for N 
values up to 13 Maybe in the future they might be measured 
more accurately by double resonance techniques in the excit­
ed state. 
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CHAPTER Ш 
OBSERVATION OF ρ-DOUBLET TRANSITIONS IN OH ( A 2 ! ^ ) 
BY UV-MICROWAVE DOUBLE RESONANCE IN A MOLECULAR BEAM 
J J ter Meulen, W Ubachs and A Dymanus 
Fysisch Laboratorium 
Katholieke Universiteit Nijmegen 
Toernooiveld, 6525 ED Nijmegen, The Netherlands 
ABSTRACT 
In a molecular beam experiment on OH several ρ-doublet transition frequencies in the A ^ , ^ state 
have been measured by a UV-microwave double resonance technique Accurate values for the ρ-
doubling and hyperfine constants have been obtained 
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1 INTRODUCTION 
The first excited electronic state Α2Σι^ of OH has been the subject of vanous high resolution 
studies From Hanle effect and optical-rf double resonance measurements accurate g-factors and 
lifetimes were obtained [1] In a molecular beam apparatus we determined the hyperfine structure by 
laser induced fluorescence (LIF) detection [2,3] Raab et al [4] reported more accurate values for the 
hyperfine constants from the observation of quantum beats in LIF signals 
The p-doubling, which is more than an order of magnitude larger than the hyperfine splittings, was 
more difficult to determine accurately In a previous expenment [3] we succeeded in scanning the laser 
frequency continuously over the frequency separation of Qi(N) and P2j(N) transitions up to N=7 and 
obtained values for the ρ-doubling constant and its centrifugal distortion The accuracy was limited by 
residual Doppler broadening of the LIF signals due to the divergence of the molecular beam and by the 
inaccuracy of the free spectral range of the interferometer used for the calibration of observed splittings 
In the present investigation we have developed a new optical microwave double resonance 
technique by means of which microwave transitions in excited electronic states can be measured in a 
molecular beam The underlying idea was a precise determination of the free spectral range of the 
interferometer The double resonance method is essentially different from laser-microwave experiments 
on molecular beams in which ground state transitions are measured either by means of saturation [5] or 
with the help of state selection techniques [6] The present method is based on a change in the 
spontaneous decay of the excited molecules when a microwave transition takes place We have 
measured hyperfine resolved ρ-doublet transitions in the N=1,3 and 4 states of OH ( A ^ ^ ) In 
companson with the LIF results the accuracy of the obtained ρ-doubling constant is improved by two 
orders of magnitude because the transition frequencies are measured directly and the linewidth is no 
longer determined by residual Doppler effects Also the hyperfine constants were obtained with a much 
larger precision compared to our previous values 
The observation of ρ-douЫet transitions in the Α 2 Σ{Α state of OH is complicated for two reasons 
First the transitions are parity conserving and have to be induced via the magnetic dipole moment, this 
4 
is relatively large in open shell molecules, but still the transition probability is a factor 10 smaller than 
for electnc dipole transitions Second, since the lifetime of the excited state is only 0 7 μ5 the weak 
microwave transition must take place within a path length of about 0 5 mm These problems have been 
overcome by the application of small resonant microwave cavities with internal UV excitation 
2 EXPERIMENT 
A schematic view of the experimental arrangement is given in Fig 1 The OH beam formation and 
LIF detection have been described previously [2,3] The OH was produced by the reaction between Η 
and NO2 or by a coaxial microwave discharge in ^ O [7] The latter method is cleaner and yields 
comparable amounts of hydroxy! radicals Inside a microwave cavity resonant at a Q-doublet transition 
94 
t UV loser beam NO, 
Fig 1 Schematic view of the experimental arrangement 
the radicals were excited from the ground to the excited electronic state by a perpendicularly incident 
UV beam at 309 nm The UV radiation with a power around 1 mW was obtained from a stabilized 
smgle frequency ring dye laser with intra-cavity frequency doubling A fraction of the UV beam was 
used to probe the OH radicals by LIF detection at about 5 cm from the first excitation zone In some of 
the measurements the full laser beam was used both for probing and, after traversing the beam 
machine, for pumping For phase sensitive detection the pump beam was modulated at 3000 Hz by a 
mechanical chopper 
The working principle of the double resonance method is explained in Fig 2 For the levels shown 
molecules are excited from the X 2 ! ^ , J=9/2, F=5 state to Α2Σ,/2, N=3, J'=7/2, F'=4 from which they 
decay back to the Χ2Π state within 1 μ8 About one third of the excited molecules returns to the initial 
state and contributes to the LIF signal produced by the probe beam When the excited molecules are 
pumped by microwave radiation from J'=7/2, F'=4 to ¡'=5/2, F'=3 the decay follows other ways back 
to the ground electronic state The transition to the Πγζ, J=9/2 state is then forbidden by the selection 
rule AJ=0, ±1 Consequently the population of the initial state as probed in the LIF zone will be 
reduced Because the UV pump beam is modulated this results in an increase of the (negative) phase 
sensitive signal 
Cylindrical microwave cavities were used resonating at the frequency of the N=1, 3 and 4 
transitions The cavities were oscillating in the TE«., mode with a maximum magnetic field along the 
axis Coarse tuning was possible by varying the cavity length The cavity length varied between 26 mm 
for N=1 and 7 mm for N=4 A small bolt in the middle of the cavity served for fine tuning The 
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Fig 2 Working principle of the double resonance experiment 
entrance and exit holes for the molecular beam were 3 mm in diameter In the middle of the cavity wall 
two opposite holes with a diameter of 5 mm were present to transmit the laser beam The quality factor 
vaned between 100 and 1000 
The microwave klystrons were stabilized by phase locking to a rubidium frequency standard 
During the measurements the microwave frequency was swept while the laser frequency was fixed at the 
top of the absorption line 
3 EXPERIMENTAL RESULTS 
The transitions induced by pump and probe UV beam were P1(2), Pj(4) and Pj(5) The phase 
sensitive signal observed when the pump beam is switched on is critically dependent on the alignment of 
the two laser beams with respect to each other By comparing the LIF signals measured with and 
without pump beam it followed that the pump efficiency is equal to about 5% at 1 mW The P^N) 
spectra consist of three hyperfine components, the ΔΡ=0 component is, however, weak and mostly 
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Table 1 
Observed p-doublet transition frequencies (in MHz) for OH in the A2Xj^, v=0 and deviations from 
the values obtained in a least-squares fit The quantum numbers Jj, Fi and J-,, F-, refer to upper and 
lower ρ-doublet state, respectively 
N 
1 
3 
4 
J 1' F 1 
3/2,1 
3/2,1 
3/2,2 
7/2,3 
7/2,3 
7/2,4 
9/2,4 
9/2,5 
J2-F2 
1/2,0 
1/2,1 
1/2,1 
5/2,2 
5/2,3 
5/2,3 
7/2,3 
7/2,4 
observed 
frequency 
9724 84(15) 
9924 74(10) 
10410 71(12) 
23260 80(10) 
23561 49(10) 
23975 20(10) 
29979 02(10) 
30695 08(10) 
observed-
calculated 
0 07 
-0 01 
0 08 
-0 03 
009 
-0 11 
-0 04 
0 05 
overlapped by one of the strong AF=-1 lines All three ΔΡ=0, ±1 hyperfine transitions between the ρ-
doublet states were measured except for N=4 where the F=4—»4 transition was too weak to be 
detected Most signals could be observed at RC=3s but signal averaging was applied to improve the 
signal to noise ratios A typical example of a double-resonance signal is shown in Fig 3 The linewidths 
varied between 1 5 and 2 0 MHz The intensities were proportional to the square of the UV power as 
expected since both the pump and the probe beam were far from saturating the absorption 
The measured frequencies are given in Table 1 The experimental errors correspond to the spread 
of the results of at least four measurements We have fitted these frequencies to an effective 
Hamiltoman for the A^j/j state 
Fig3 The observed J=7/2, F=4 -> J=5/2, F=3 transition in A 2 ! ^ , N=2 at 23975 2 MHz 
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H = BÑ2 + (Y+VDÑ2)Ñ S + b ï s + cI¿S2 (1) 
The first term gives the rotational energy with N the quantum number for the nuclear rotation, the 
second term represents the interaction between N and the electron spin S, responsible for the ρ-
doubhng, the last two terms represent the hyperfine interaction The constants b and с are the hyperfine 
parameters introduced by Frosch and Foley [8] Also included in the fit were the previously measured 
hyperfine splittings for N=1 through 4 and ρ-doublet splittings for N=5, 6 and 7 [3] The ?,(!) 
transition, from which the hyperfine splitting in the N=0 state is obtained, was remeasured with all 
hyperfine components resolved (hnewidth 12 MHz) The resulting N=0 splitting is equal to 771 7±1 5 
MHz This is somewhat lower than the previous value which must be due to a too small correction for 
the overlap of hyperfine components in our earlier measurements 
From the least squares fit we obtained the values for the ρ-doubling and hyperfine constants as 
given in Table 2 The errors correspond to one standard deviation Calculations based on these 
constants yielded ρ^ουΜεί transition frequencies which are in good agreement with the observed 
values as shown in Table 1 Consideration of the second order distortion constant уц in the fit had no 
influence on the results 
Table 2 
Hyperfine and ρ-douЫet constants (in MHz) for OH in Α2Σι^, v=0 and comparison with values 
obtained from quantum beat spectroscopy [4] and ab initio calculations [9] 
molecular this work quantum beat ab initio 
constant spectr cale 
771 74(22) 774 1(4) 775 5 
161 01(55) 168 9(8) 150 3 
6777 749(36) 
-1 4263(22) 
4 DISCUSSION 
The present values for the ρ-douЫmg and hyperfine constants are much more precise than our 
previous results The γ constant is even a factor 100 more accurate as a result of the direct measurement 
of the ρ-doublct transition frequencies Whereas our previous hyperfine constants are still in agreement 
b+c/3 
с 
γ 
YD 
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with the present values within three standard deviations this is not the case for the quantum beat results 
of Raab et al [4] This might be due to a larger inaccuracy in the extrapolation of their high magnetic 
field data to zero field splittings than they quoted Knstiansen and Veselh [9] have performed ab initio 
calculations of the hyperfine constants and obtained values which are close to the present results The 
agreement is not as good as for the ground electronic state of OH indicating that ab initio calculations 
for excited states are open for improvement No ab initio calculations are available for the Q-doublmg 
constants 
The accuracy of this double resonance experiment is limited by the short lifetime τ of the excited 
state The probability for a microwave transition |i>—>|j> within this time is [10] 
Ρ - - 5 І 
Ω,^+Δω2 Щ+Ш± (2) 
With Δω/2π=ν-νο, the difference between the frequency of the stimulating field (v) and the transition 
frequency (vo), and Ω,, =<ι[μ В |j>/h, the Rabí frequency for the interaction between the magnetic 
dipole moment ^ μ ^ ^ in the Α2Σί^ state and the microwave magnetic field Inside the small laser 
excitation zone the Rabí frequency is practically constant and the transition probability at v=Vo is equal 
to unity at 0,,=— It follows that the full linewidth at half height is equal to —=1 4 MHz The 
observed linewidths are slightly larger which is probably due to a larger degree of saturation by the 
microwave field and to the velocity distribution of the OH radicals 
In view of the short lifetime of the excited state, the low laser excitation power, the weak 
microwave transition strength and the low density of OH radicals in the molecular beam we conclude 
that the present double resonance experiment is very sensitive The method is essentially Doppler free 
and therefore especially promising for molecules with excited state lifetimes longer than 1 μ5 resulting in 
linewidths smaller than 1 MHz which is impossible to obtain with I IF measurements due to residual 
Doppler broadening 
REFERENCES 
[1] K R German and R N Zare, Phys Rev Lett 23(1969)1207 
R L de Zafra, A Marshall and Η Metcalf, Phys Rev A3 (1971) 1557 
К R German, Τ Η Bergeman, Ε M Weinstock and R N Zare, J Chem Phys 58 (1973) 4304 
[2] J J ter Meulen, Ь W M van Mierlo and A Dymanus, Phys Rev Lett 43 (1979) 29 
[3] J J ter Meulen, W A Majewski, W L Meerts and A Dymanus, Chem Phys Lett 94 (1983) 
25 
99 
[4] F Raab, Τ Bergeman, D Lieberman and H Metcalf, Phys Rev A24 (1981) 3120 
[5] U Kotz, J Kowalski, R Neumann, S Nochte, H Suhr, К Wmkler and G zu Putlitz, Ζ Phys 
A300 (1981) 25 
[6] J Ρ Bekooy, W L Mcerts and A Dymanus, J Mol Spectr 102 (1983) 320 
[7] W Ubachs, J J ter Meulen and A Dymanus, Can J Phys 62 (1984) 1374 
[8] R A Frosch and H M Foley, Phys Rev 88 (1952) 1337 
[9] Ρ Knstiansen and L Veseth, to be published 
[10] N F Ramsey, Molecular Beams, (Oxford University Press, Oxford, 1956) 
100 
CHAPTER IX 
HIGHLY RESOLVED UV-SPECTRA OF 1 80H and 1 7OH 
1. Introduction 
The OH molecule is an important constituent of interstellar space. Recent-
18 
ly the OH isotopie species has been observed in the interstellar clouds Sgr A 
by Gardner and Whiteoak (1) and in Sgr B2 by Bujarrabal et al. (2). In the lat­
ter observation there is also evidence of a hyperfine component of the OH 
Π . , J=3/2 A-doublet transition at 1626 MHz. Particularly interesting are the 
relative isotopie abundancies 0 : 0 : 0 in different regions of the cos­
mos. By means of radio-astronomy on CO and HCO molecules (3,4) deviations be-
i η io 
tween relative interstellar and terrestrial abundancies 0/ 0 were observed, 
which might have its consequences for chemical evolution models of the universe. 
17 18 
The relative strengths of the OH and OH microwave transitions in absorption 
(2) are in agreement with the previously obtained oxygen isotope abundancies 
(3,4). 
1 ft 1 7 
Besides the relevance for astrophysics spectroscopy of OH and OH mole­
cules is also interesting in itself. Deviations in the hyperfine structure he­
lft 1 fi 
tween OH and OH, caused only by the proton spin, might give evidence of a 
small difference between distributions of the electron clouds in the molecule 
and therefore in chemical binding. 
2 + 2 18 17 
The Α Σ -Χ Π transitions for OH and OH have never been observed by 
18 17 
classical emission spectroscopy. At low resolution OH and OH lines are com­
pletely overlapped by OH lines in the UV spectrum of OH produced from gas mix-
18 17 
tures with natural isotopie abundance and highly 0 and 0 enriched gases have 
not been available in the past. In spite of the relatively low (Doppler limit­
ed) resolution in a UV-laser absorption experiment Nuss et al. (5) were able to 
18 
resolve transitions from higher rotational N states in OH, where the splitting 
between isotopie components is larger than for low N states. In microwave spec­
troscopy, which brings about information only for the electronic ground state, 
the separation between the different isotopie OH lines is much larger than the 
resolution (< 1 MHz). Dousmanis et al. (6) were first to observe two hyperfine 
2 IB 
components of the Π, .„, J=9/2 A-doublet transition in OH. 
The first spectroscopic observation of OH was reported by Ehrenstein (7), 
2 
who measured four very weak A-doublet transitions at 13 GHz in the Л elec-
101 
tronie ground state, J=7/2 rotational state from a 3 3 % 0 enriched water sam­
ple. From gas phase electric resonance measurements Carnngton and Lucas (8) 
obtained values for some combinations of hyperfine parameters in the electronic 
ground state of OH and OD. Recently Comben et al (9) observed far-infrared 
17 1Я 
LMR spectra of OH and also of OH, from which accurate hyperfine constants 
2 
for the Π state can be derived 
2 + 2 
In this paper we report observation of the Α Σ «-Χ Π electronic transition 
for the isotopie modifications of OH by means of laser induced fluorescence 
spectroscopy in a molecular beam. The observed hyperfine spectrum of OH is 
fascinating because of the splitting into 62 components of each rotational tran­
sition, due to the proton spin and the large spin 1=5/2 of the 0 nucleus 
2. Experiment 
The molecular beam geometry and the optical detection system used are de­
scribed in Chapter II. The OH radicals are produced in front of the molecular 
beam orifice in two different ways. The coaxial microwave discharge that was 
developed for the production of NH radicals (Chapter IV), proved to be a good 
source for OH radicals when driven on water In the gas flow reaction tube (see 
Chapter II), with the H+NO„ reaction m front of the beam orifice, the amount of 
OH produced is however larger by a factor of 2-4 With this second source and 
suppresseed background radiation we succeeded m an increase of the signal to 
noise ratio (SNR) on the strong UV transitions in OH up to 10 for a full dia­
phragm opening in the molecular beam The installation of collimating dia-
-3 
phragms in the molecular beam reduced the divergence to ~10 rad, with a 
18 
corresponding decrease in the linewidth to 25-35 MHz. In this-set up the OH 
spectral lines were observed with an SNR ~ 100 
The natural abundance of the 0 isotope is only 0.037%, a factor of six 
ID IT 
less than the abundance of OH. Fortunately 20% 0 enriched samples of water 
are commercially available at the moment However, pumping at a quantity of 1 g 
of enriched H- 0 is accompanied first by boiling bubbles and later by the for­
mation of ice, so that constant flow conditions cannot be achieved Moreover, 
3 
at the high pumping speeds (500 m /h) in the flow system, the rather expensive 
H 0 samples of 1 g would evaporate within minutes. By diluting the 1 g sample 
20 times by natural water these problems could be overcome and a two hour meas­
uring cycle could be completed. 
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Q.(1)«0H 
Fig. 1 : Spectrum of the А2І+<-Х2Л, Q (1) and QP 2 1(1) transitions of
 1 60H, 1 70H 
ι û 
and OH, measured in natural isotopie abundance 
n + O 1ft 
3. A £ «-X Π spectrum of OH 
In Fig. 1 we display a recording of a LIF spectrum of the OH radical around 
2 + 2 the Α Σ -Χ Π, Q-Cl) transition at 309 nm, measured by increasing the sensitivity 
by a factor of 250 at both sides of the strong lines. This spectrum was measured 
with a reduced opening of the slit diaphragm and with the coaxial microwave dis­
io 
charge in natural H-0. Nevertheless the spectrum of the OH molecule shifted 
by 1.8 GHz and also some lines of OH in between, are clearly visible. 
18 
The spectra used for the analysis of the OH molecular parameters were de­
tected in a molecular beam configuration with the more efficient gas tube re-
no 
action source. In the conditions chosen OH lines were observed with a 
linewidth of ~25 MHz and a SNR ten times better than in Fig. 1. From continuous 
recordings of Р^ЛМ) and Q. (N) for N=3 as well as the РЛ1) spectral lines hy-
perfine and p-doublet splittings were determined. In an analysis which is ex-
actly the same as for the Α Σ state of OH (10) the Frosch and Foley hyperfine 
parameters b,, and с and the p-doubling constant Ϊ were determined in a least 
г 
squares fit (see Table I). Corrections were made for the hyperfine splittings 
2 16 
in the Χ Π ground state,which were taken equal to the splittings in OH. Beau-
18 det and Poynter (11), who calculated the hyperfine parameters for OH on the 
basis of all published and unpublished spectroscopic data, found that the Frosch 
2 
and Foley constants for the Π state of OH indeed do not differ outside the error 
limits for 160H and 180H. 
2 + 
The value obtained for the Ϊ constant of the Α Σ state is much more accu­
rate than a value У= 6775 ± 540 MHz, previously reported from a spectroscopic 
study in lower resolution (5). Theory (12) predicts that ϊχμ is invariant for 
isotopie substitution (μ being the reduced mass of the molecule) and therefore 
18 the p-doubling constant for OH is expected to be 6732 MHz, when compared with 
the accurate value T= 6777.749 ± 0.036 MHz of 160H (Chapter VIII). The present 
18 
value of Τ for ОН У= 6778.2 ±14.7 differs by more than the experimental error 
from the expected value. A s the error given corresponds to only one standard 
deviation in the fit we judge that it is premature to draw a definite conclusion 
on a disagreement with theory. The accuracy in the У constant may in future be 
improved by better stabilization of the interferometer or by measuring p-doublet 
splittings for higher N-values. In principle the double-resonance technique of 
18 18 
Chapter VIII can be applied to OH, if some grams of highly enriched H 0 were 
available. 
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2 + 
The same values for the hyperfine constants in the excited Α Σ states of 
1 Α λ ft 
OH and OH are expected because b is proportional to the averaged electron 
density at the position of the proton, while с is a measure for the 
non-sphericity of the electron cloud around the Η nucleus. From accurately de-
2 + termined rotational constants for the Α Σ state (11) one can derive that there 
is only a very small difference in the equilibrium nuclear distance ; the nucle-
18 λ ft 
ar distance in the OH molecule is 0.033% larger than in OH. Therefore in 
first order the electron distribution at the proton side will not be affected by 
18 the larger mass of the oxygen nucleus in OH. The observed hyperfine parame-
2 + ters in the Α Σ state, indeed differ only slightly outside the error limits 
1 ο ι £ 
(one standard deviation in a least squares fit) for OH compared to OH. 
4. Hyperfine structure in the OH spectra 
2 + 2 
We succeeded to detect the Α Σ ^ Х Π, Q.(1) transition (see Fig. 1) by pro­
ducing OH radicals in the coaxial microwave discharge in normal water. During 
a two hour measuring cycle with a 1% 0 enriched water sample we recorded fre­
quency scans up and down of the Q (1), Q (2) and R_(2) transitions, with an 
RC-averaging time of 3 s. The linewidth in the spectra, shown in Fig. 2, is 35 
MHz, while the SNR~ 50 on the strong OH hyperfine components. 
2„ 2 + 
In the Χ Π electronic ground state as well as in the Α Σ electronically 
excited state every rotational fine structure state is split into 12 substates 
by the hyperfine interaction of the nuclear spins I =1/2 and I =5/2 with the 
π U 
electronic spin and orbital angular momentum. From the selection rule AF= 0,±1 
one can derive (see Fig. 3) that each rotational transition in the main Q-branch 
consists of 62 hyperfine components, all differing in intensity. As negative F 
states are forbidden the number of substates and subsequently the number of hy­
perfine components for lower N-values will be less : the СКЦ) transition con­
sists theoretically of 45 components, of which 18 were observed in the spectrum. 
Besides measuring more lines, and especially the widely spread and hopeful­
ly not overlapped P..(l) transition, a task for the future will be to assign the 
right F quantum numbers to all the lines in the observed spectra. This can be 
accomplished, similarly as in the case of the triplet transitions in NH (Chapter 
IV), by making use of all the splittings and the relative intensities of all 
2 
components. Correction for the hyperfine splittings in the Χ Π ground state can 
be made from values for the hyperfine parameters determined by Brown (13). As a 
result we hope to find accurate values for the b_ and с magnetic dipole and the 
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17 2 + 
eQq electric quadrupole constants of the 0 nucleus in the A I excited state 
of OH. From the wide range covered by the Q.Cl) transition, we conclude that 
as a first preliminary result the Fermi-contact term of the OH nucleus is 
about b = 7 + 2 GHz. 
Í.J.ÍP F.J.3 
Fig. 3 : Scheme of all possible hyperfine components in a transition in OH 17, 
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SAMENVATTING 
HOGE RESOLUTIE LASER SPEKTROSKOPIE AAN TWEE-ATOMIGE HYDRIDES 
De molekulen CH, NH, OH en SH, alle twee-atomige hydrides, zijn vrije 
radikalen Ze zijn zeer reaktief en onder normale atmosferische omstandigheden 
komen ze slechts voor in uiterst lage concentraties en zijn ze kort levend In 
de extreme omstandigheden van interstellaire wolken, kometen, sterren, gasont­
ladingen, en in de hoge ijle luchtlagen rond de aarde spelen ze echter een 
hoofdrol Kenmerkend voor radikalen is het voorkomen van ongepaarde elektronen, 
waardoor in deze molekulen een netto elektronisch baan- en/of spin-impulsmoment 
aanwezig is Een koppeling tussen het magnetisch moment van het waterstofatoom 
(kernspin I1j=l/2) en de magneetvelden, veroorzaakt door de open schil 
π 
elektronen, geeft aanleiding tot de hyperfijnstruktuur alle energiemvos zijn 
opgesplitst In de elektronische grondtoestand van de onderzochte molekulen 
zijn de hyperfijnopsplitsingen 50 MHz of kleiner, terwijl ze in de elektronisch 
aangeslagen toestanden een faktor tien groter zijn 
Met behulp van een in het Nijmeegse laboratorium ontwikkelde methode, waar­
bij in de trilholte van een kleurstof laser frequentie verdubbeling plaatsvindt 
in een LiIO kristal, kan kontinu verstembare ultraviolette straling in het 
golflengtegebied 295-337 nm met een nauwe bandbreedte (0 5 MHz) geproduceerd 
worden Deze unieke laser werd gebruikt voor het meten van laser geïnduceerde 
fluorescentie spektra van CH, NH, OH en SH molekulen, die alle elektronische 
overgangen hebben binnen het bereik van de laser De molekulen werden onder-
zocht in nauwe molekuulbundels, waardoor de Dopplerverbreding van de 
spektraallijnen gereduceerd kon worden tot 10 MHz 
In deze zeer hoge resolutie spektroskoop werd de hyperfijnstruktuur van 
2 + 2 + 3 1 
elektronisch aangeslagen toestanden van SH(A Σ ), CH(C Σ ) en NH (А П, с Π en 
a Δ) voor het eerst bepaald De theorie van de hyperfijnstruktuur werd uitge­
breid tot molekulen met twee kernspms m een triplet toestand (voor NH) Voor 
het OH radikaal konden we de signaal/ruis verhouding zodanig opvoeren, dat ook 
de 
16„ 
17 18 
spektra van OH en OH isotopen gemeten konden worden Voor het normale 
OH isotoop werd in een microgolf-UV dubbel resonantie experiment de 
2 + hyperfijnstruktuur in de Α Σ toestand met een nog hogere nauwkeurigheid be-
2 
paald In een van de aangeslagen toestanden van CH (Α Δ) werd een 
2 
Fermi-resonantie waargenomen tussen hyperfijntoestanden van de twee Δ 
spin-doublet ladders , deze metingen werden met een kleurstoflaser in het blauw 
110 
(λ~ 430 nm) verricht Naast de hyperfijnstruktuur werden ook andere fijnstruk-
tuureffekten zoals de spin-rotatie koppeling in de Σ toestanden van OH, SH en 
CH, en de A-dubbeling in Δ toestanden van NH en CH geanalyseerd 
Behalve voor Spektroskopie leende de machine zich ook voor de bepaling van 
2 + 
levensduren van gepredissocieerde elektronische toestanden In de Σ toe­
standen van SH en CH werd via lijnbreedte (~100 MHz) en intensiteitsmetingen een 
p-doublet en rotatie-toestandsafhankelijkheid in de levensduur waargenomen 
Deze methode van levensduurmeting in molekuulbundels is nieuw en qua nauwkeu­
righeid beter als de bekende tijdsopgeloste technieken in het 
nanoseconde-tijdsregiem 
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STELLINGEN 
1. Lijnbreedtemetingen van spektraallijnen in een molekuulbundelopstelling 
geven nauwkeuriger waarden voor levensduren van geëxciteerde toestanden 
in het tijdsdomein rond 1 nanoseconde dan bestaande tijdsopgeloste 
technieken. 
dit proefschrift 
2. De verwarring in de literatuur over de oriëntatie van de elektronverdeling 
in A-doublettoestanden van OH is waarschijnlijk veroorzaakt door het feit 
dat Dousmanis e.a. in hun klassieke artikel over OH golffunkties gebruiken, 
die niet consistent zijn met de door hen gebruikte rotatiematrix. 
G.C. Dousmanis, T.M. Sanders en C.H. Tournes, 
Phys. Rev. WO (1955) 1735 
3. Hoge resolutie is weliswaar een relatief begrip in de Spektroskopie, 
maar waargenomen lijnbreedtes in de orde van 3 GHz zouden niet meer als 
zodanig gepresenteerd moeten worden. 
M. Nuss, К. H. Geriake en F. J. Comes 
J. Quant. Spectr. Rod. Transfer ?.? (1982) 191 
4. Het niet in rekening brengen van de rotatietoestand-afhankelijke 
predissociatie bij de bepaling van de bezettingsverdeling uit relatieve 
lijnintensiteiten in molekulaire spektra leidt tot onjuiste resultaten 
voor de rotatietemperatuur. 
N.N. Math en M.I. Savadatti, 
J. Quant. Speotr. Rad. Transfer 34 (1985) 75 
5. De door Becker en Haaks opgegeven waarde voor de levensduur van 5Η(Α^Σ+) 
is zeker niet van het SH molekuul, maar waarschijnlijk van $2· 
W.H. Beaker en Ό. Haaks, J. Photoahem. 1 (1972) 177 
6. Het is een gelukkig toeval in de natuur dat een laser bij 16 ym moeilijk 
te maken is. 
7. In tegenstelling tot de bewering van Douketis e.a. is het wel degelijk 
mogelijk dat in een "seeded" molekuulbundel de rotatietemperatuur 
lager is dan de translatietemperatuur. 
C. Douketis, Т.Е. Gough, С Saales en H. Wang, 
J. Phys. Chem. 88 (1984) 4484 
H. Jalink, M. Jansen, F. Harren, D.vd Ende, K.H. Meiwes-Broer, 
D. Parker en S. Stolte, Ree. Ado. in Malea. React. Dyn. Paris 1986, 41 
8. De bijdrage van Max Planck aan de ontwikkeling van de quantummechanika 
wordt in de meeste leerboeken overschat. 
9. De fleurige overdaad aan paardebloemen en fluitekruid camoufleert de 
ernstige kwalitatieve achteruitgang van de flora in graslanden en bermen. 
10. Aangezien het opnemen van reclameboodschappen in proefschriften leidt 
tot vermenging van wetenschap en handel is dit niet de aangewezen weg 
om de kortingen op de salarissen van promovendi te compenseren. 
11. Het afmeten van de ernst van een ongeluk in een kerncentrale aan de 
vrijgekomen hoeveelheid straling t.o.v. het achtergrondnivo leidt bij 
opeenvolgende rampen tot bagatellisering van de gevaren van kernenergie. 
Wim Ubachs 
26 juni 1986 


